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Abstra
tThe International Linear Collider (ILC), a high pre
ision ele
tron-positronma
hine with 
entre of mass energy extending up to the TeV s
ale, is 
urentlybeing proposed and designed. With unpre
edented small beam size and highintensity the ILC aims at luminosities of the order of 1034 
m�2s�1. Careful mon-itoring of the beam parameters that a�e
t the luminosity will be mandatory ifthese ambitious goals are to be a
hieved.One of the key parameters is beam emittan
e, the optimisation of whi
h requiresbeam size monitors with mi
ron resolution. With this aim, a non-invasive laser-wire monitor prototype was designed, installed and run at the PETRA ring. Priorto its installation, ba
kground simulations and measurements were performed toverify that they would be low enough to allow the laser-wire programme to pro-
eed. A lead-tungstate 
rystal 
alorimeter for the laser-wire was 
ommissioned,in
luding a study of temperature dependan
e, geometri
al a

eptan
e and energyresponse. The �rst laser-wire measurements of the PETRA positron beam sizewere then performed. The system, 
alibration and results are reported here.At the ILC, beam energy spread and beamstrahlung e�e
ts modify the luminosityspe
trum. Determination of these e�e
ts is 
ru
ial in order to extra
t pre
isionphysi
s from threshold s
ans. In order to provide a run-time diagnosti
 s
heme toaddress this, a fast luminosity spe
trum measurement te
hnique employing for-ward 
alorimetry and statisti
al unfolding was devised, using the Bhabha pro
essat low angles. The s
heme is des
ribed and �rst results are presented.
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Chapter 1
Introdu
tion
The International Linear Collider (ILC) will be a TeV-s
ale ele
tron-positron
ollider with high luminosity of the order of 1034 
m�2s�1. It will provide a toolfor s
ientists to address many of the most 
ompelling questions of the 21st 
entury- questions about dark matter, extra dimensions and the fundamental nature ofmatter, energy, spa
e and time.The standard model (SM) used to des
ribed the elementary parti
les hasseveral weaknesses. The ILC, due to its high pre
ision and TeV-s
ale 
entre ofmass energy, will address some of these weaknesses. In parti
ular it will allow aprofound study of the ele
troweak symmetry breaking me
hanism and probe the
hara
teristi
s of the Higgs boson, if it exists. Alternative me
hanisms will alsobe tested to high pre
ision. Chap. 2 des
ribes the SM and some of the theoriesbeyond it. The potential physi
s studies of the ILC are emphasised and how theLarge Hadron 
ollider (LHC) and the ILC programmes 
an bene�t from ea
hother is presented.The ILC will be based on super
ondu
ting Niobium 
avities as re
ommendedby the International Te
hnology Re
ommendation Panel (ITRP) in 2004. TESLA,at the time of writing, is the only full a

elerator design based on this te
hnologyand thus is des
ribed in Chap. 3. The full dete
tor is depi
ted in this 
hapterwith spe
ial emphasis on forward 
alorimetry, whi
h is needed for the luminosityspe
trum analysis presented in Chap. 6.1



At high energies, physi
s 
ross-se
tions in general s
ale as 1=(energy)2 and sohigher luminosity is required to 
ounter this. Low emittan
e is essential for highluminosity and to a
hieve it many diagnosti
 systems are needed. The laser-wire,a non-invasive laser based transverse beam size monitor, is one su
h system andis being tested at the PETRA ring in view to using it for the ILC. It operatesby fo
using laser light down to a small spot size that 
an be s
anned a
rossthe positron beam produ
ing Compton s
attered photons, dete
ted downstream.Ba
kground pro
esses at two lo
ations in PETRA were measured and are pre-sented in Chap. 4. The ba
kground level was shown to be low enough to pro
eedwith the installation of the laser-wire system.To 
olle
t the Compton signal, a 
ompa
t, radiation hard 
alorimeter based onlead-tungstate 
rystals was built and 
ommissioned. Beam tests were performedto 
hara
terise its temperature dependen
e, geometri
al a

eptan
e and energyresponse. After this 
alibration, the 
alorimeter was then used to measure thetotal energy deposit from laser-wire events. Analysis of the resulting spe
tra wasperformed to produ
e the �rst laser-wire measurements of the PETRA positronbeam size, whi
h are presented in Chap. 5.The variable 
entre of mass energy of the ILC will allow energy s
ans overparti
le produ
tion thresholds and so enable the 
hara
teristi
s of the parti
lessu
h as their mass to be a

urately determined. The ability to do this is limitedby the a

ura
y to whi
h the shape of the luminosity spe
trum 
an be measured.This shape is determined primarily by initial state radiation, beamstrahlung andbeam energy spread parameters.As a beam diagnosti
 tool, a fast luminosity spe
trum te
hnique employingforward 
alorimetry and statisti
al unfolding methods was devised, using theBhabha pro
ess at low angle. Chap. 6 presents this te
hnique and shows that aresolution of less than 1% level is obtained within 2 hours of ma
hine running. Thete
hnique provides a potentialy important tool to tra
k the luminosity spe
trumas it evolves over many hours and thus open the possibility of making 
orre
tionsin real time to tune the ma
hine. 2



Chapter 2
An Overview of Parti
le Physi
sin the Standard Model andBeyond
2.1 Introdu
tionThe Standard Model (SM) of elementary parti
le physi
s provides an extremelysu

essful des
ription of all parti
le physi
s phenomena a

essible to present daya

elerators. Within the SM, matter is divided into two types of elementary par-ti
les, leptons and quarks, and the intera
tions between the parti
les o

urs viamessengers (gauge bosons) whi
h 
hara
terise the for
es. Despite all its su

ess,numerous puzzles are still remaining. One puzzle is the me
hanism of Ele
-troweak Symmetry Breaking (EWSB), whi
h ta
kles the question of the parti
lemasses via the Higgs Boson, another puzzle is the so-
alled hierar
hy problem,whi
h deals with the wide separation between the ele
troweak and the Plan
ks
ales. Theories, su
h as supersymmetry, arose whi
h 
ould provide, if dis
ov-ered, some answers to these outstanding questions but this will require probingmore profoundly the related phenomenology with high pre
ision. A lepton linear
ollider whose energy is beyond the 
urrent rea
h of a

elerators would providethe appropriate tool to unravel many of the possible extensions to the SM. In this3



LEPTONSFlavour Charge (�e) Mass (MeV)�rst e -1 0.51099892 �4 10�8generation �e 0 < 0:3� 10�6se
ond � -1 105.658364 �9 10�5generation �� 0 < 0:19third � -1 1777.05 +0:19�0:26generation �� 0 < 18:2Table 2.1: The three generations of Leptons, their 
harge and mass [8℄.
hapter, the SM will be des
ribed brie
y in order to give a broad overview of the
lassi�
ation it o�ers and possible extension to the SM will also be dis
ussed.2.2 The Standard ModelThe Standard Model assumes that all matter parti
les (or fermions) are madeout of two 
lasses of stru
tureless point-like parti
les, the quarks and the leptons.It 
ould be possible that these point-like parti
les are a
tually 
omposite andtherefore not the basi
 irredu
ible building blo
ks we seek. However experimenthas not found any underlying stru
ture to date.2.2.1 Quarks and LeptonsTab.2.1 shows the three generations of leptons and some of their properties. Ea
hgeneration of leptons has its own lepton number, whi
h is 
onserved to a �rstapproximation. Neutrino os
illations, re
ently observed [2, 3, 4℄, show this 
on-servation is violated and also that neutrinos have masses.Leptons have 
harge e while quarks are spin-1/2 fermions with either +23e or-13e ele
tri
 
harge. There are six 
avours (or types) that exist in nature. The six
avours are named: down, up, strange, 
harm, bottom and top. These also fall4



QUARKSFlavour Charge (�e) Approximate Mass(GeV)�rst d (down) �13 0.004 to 0.008generation u (up) +23 0.0015 to 0.004se
ond s (strange) �13 0.08 to 0.130generation 
 (
harm) +23 1.1 to 1.4third b (bottom) �13 4.1 to 4.4generation t (top) +23 173.8 �5.1Table 2.2: The three generations of Quarks [8℄, their 
harge and approximate mass.into three generations. Some of their properties are listed in Tab.2.2 [8℄. Thistable illustrates the wide range of parti
le masses.Quarks 
ombine to form 
omposite parti
les; they are unable to exist on theirown with no other quarks, an e�e
t 
alled quark 
on�nement [5, 6℄. The parti
lesthey form fall into two 
lasses:� \mesons" whi
h 
onsist of a quark and an antiquark (q�q0)� and \baryons" whi
h 
onsist of three quarks (qq0q00).Here q denotes a quark of any 
avour and q0 and q00 quarks with possibly anyother 
avour.2.2.2 Intera
tions and Gauge BosonsIn quantum theory the gauge bosons are parti
les ex
hanged between fermionsand give rise to the four for
es. These are shown in Tab.2.3. The gravitationalintera
tion is negligible in parti
le physi
s phenomena, hen
e attention is 
on�nedto the other three only i.e. the ele
tromagneti
, weak and strong intera
tions.
5



INTERACTIONS AND GAUGE BOSONSFor
es Mediators Ele
tri
 Charge (�e) Mass(GeV/
2)ele
tromagneti
 photon 0 0Weak W�, Z0 �1, 0 �80.425�0.038, �91.197�0.002strong gluon 0 0gravity graviton 0 0Table 2.3: The intera
tions and gauge boson properties [8℄.2.2.2.1 Weak and Ele
tromagneti
 Intera
tionThe ele
tromagneti
 intera
tion is 
lassi
ally well understood via Maxwell's equa-tions. It is now des
ribed quantum me
hani
ally by the theory 
alled quantumele
trodynami
s (QED).The weak intera
tion is mediated by three massive gauge bosons, the W+,W� and the Z0. The W� 
ouples only to left-handed parti
les or right-handedanti-parti
les.The weak intera
tion has been uni�ed with the ele
tromagneti
 intera
tioninto one ele
troweak theory, SU(2)L � U(1)Y ,1 introdu
ed by Glashow, Wein-berg and Salam [1℄. A

ording to this theory the weak and the ele
tromagneti
intera
tions have similar 
oupling strengths, i.e.�W = �= sin2 �W (2.1)where sin2 �W represents the mixing between the two gauge groups with �W theWeinberg angle and � � 1128 the ele
troweak stru
ture 
onstant at the Z pole.2.2.2.2 Strong intera
tionThe strong intera
tion is responsible for the binding of quarks into hadrons. Itis mediated by gluons. Whilst the quarks all possess a 
olour 
harge, so do thegluons, in 
ontrast to the ele
tromagneti
 intera
tion where the photon 
arries1L stands for left and Y is hyper
harge 6



no ele
tri
 
harge.The strong intera
tion does not a
t over large distan
es despite its masslessgauge bosons as all parti
les 
arrying 
olour are 
on�ned. The theory to des
ribethe strong intera
tion is 
alled quantum 
hromodynami
s (QCD) and is based onthe gauge symmetry SU(3)
olour.2.2.3 Higgs bosonBy applying the exa
t symmetry SU(2)L � U(1)Y and unifying the weak andele
tromagneti
 for
es, no mass term appears. Elementary parti
les have massand to a

ount for it, a massive parti
le whi
h 
ouples to every other parti
leis introdu
ed. This massive parti
le is 
alled the Higgs boson and its 
ouplingstrength gHff to fermions is related to the fermion mass mf asgHff = mf� (2.2)where � is the ele
troweak s
ale (= (GF=p2)�1=2=246 GeV). The theoreti
alHiggs boson mass is M2H = 2��2 where � is the self 
oupling strength of theHiggs. � is not known and thus the exa
t value of the mass of the Higgs is notdetermined.Nonetheless, a quite restri
tive bound on the value of the Standard ModelHiggs mass follows from hypotheti
al assumptions on the energy s
ale � up towhi
h the SM 
an be extended before new physi
al phenomena may emerge. Theupper bound on the Higgs is thus:M2H � 4�2�23 ln(�2=�2) (2.3)In addition it is assumed that � has a positive value whi
h indu
es a minimumbound on the Higgs mass. This value depends strongly on the 
ut-o� � and thetop mass [12℄ as M2H > 3GFp28�2 (2M4W +M4Z � 4m4t ) ln��2�2� (2.4)The upper and lower bounds limit are shown in Fig. 2.1 [8℄. Within the Standard7
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Figure 2.1: Bounds on the Higgs boson mass based on arguments of self-
onsisten
yof the SM.Model the mass of the Higgs is less than �1 TeV [11℄. Higgs bosons have es
apeddete
tion so far although, from 
ombined LEP data, a lower bound of 114.4 GeVwas established, at the 95% 
on�den
e level, on the mass of the standard modelHiggs boson.[13℄. The probing in future 
olliders of the properties of this elusiveparti
le will be essential in order to de
ide what type of theory lies beyond theSM.2.2.4 Weakness of the Standard ModelOne of the main weaknesses of the SM is the fa
t that it 
ontains a large numberof parameters not determined by theory. At least 19 arbitrary parameters are
ontained in the SM. In addition several problems lie within this model:� Naturalness problem: Radiative 
orre
tions to the Higgs boson mass o

urin the diagrams with a fermion loop, as shown in Fig. 2.2. The most im-portant 
ontribution 
omes from heavy quarks, and parti
ularly from thetop quark. These fermion 
orre
tions are proportional to �2=m2f where � isasso
iated with the Plan
k s
ale mpl = 1019 GeV where gravitational e�e
tsare relevant. The radiative 
orre
tions to the Higgs mass diverge quadrat-i
ally with respe
t to �. In order to keep the Higgs boson mass light a
ounter term of the same order of � has to be introdu
ed. The mass of the8



Higgs would 
ome from the di�eren
e of these two large terms, whi
h mustbe as small as the order of the Higgs mass. This required \�ne tuning" issaid to be unnatural.
h

f

f
–

h

Figure 2.2: Fermion loop 
ontributions to the Higgs boson mass.� In addition, the SM does not provide uni�
ation of the three for
es dis
ussedearlier and the 
oupling 
onstants do not 
onverge toward the same pointat high energies.� A third problem poses the question of the uni�
ation of the SM with grav-itation. Does there exist a quantum gravity theory and, if yes, 
an it beuni�ed with the three other fundamental intera
tions? Would this theoryneed a spa
e-time with more than 4 dimensions?In the following se
tion theories whi
h might answer these questions are brie
ydes
ribed.2.3 Beyond the Standard Model2.3.1 SupersymmetryTheories have been 
onstru
ted in whi
h there exist parti
les with exa
tly thesame properties as the SM parti
les, ex
ept for di�erent spins and these theo-ries 
an solve the naturalness problem mentioned in the last se
tion. An elegantextension to the SM whi
h deals with this hypothesis is a theory 
alled Supersym-metry [10℄. Supersymmetry (SUSY) postulates that there is a symmetry between9



SM and SUSY PARTICLESStandard Model parti
les Supersymmetri
 parti
lesQuarks (spin 12) Squarks (spin 0)0� ud 1AL uR dR 0� ~u~d 1AL ~uR ~dR0� 
s 1AL 
R sR 0� ~
~s 1AL ~
R ~sR0� tb 1AL tR bR 0� ~t~b 1AL ~tR ~bR ! ~t1;2;~b1;2Leptons (spin 12) Sleptons (spin 0)0� e�e 1AL eR 0� ~e~�e 1AL ~eR0� ��� 1AL �R 0� ~�~�� 1AL ~�R0� ��� 1AL �R 0� ~�~�� 1AL ~�R ! ~�1;2Gauge bosons (spin 1) Gauginos (spin 12)g ~g
 ~
 ~
, ~Z, ~H01;2Z ~Z ,! ~�01;2;3;4W� ~W� (Neutralinos)Higgs bosons (spin 0) MSSM HiggsH h, AH�Higgsinos (spin 12)~H01;2 ~W+; ~H+ ! ~�+1;2~H� ~W�; ~H� ! ~��1;2 (Charginos)Table 2.4: The fundamental parti
les of the Standard Model are listed on the left andtheir predi
ted supersymmetri
 partners on the right. The arrows indi
ate �elds thatmix and the 
orresponding physi
al �elds that result. The Minimal Supersymmetri
Standard Model (MSSM) requires 4 Higgs in addition to the standard model one.10



bosons and fermions. This implies that every parti
le has a partner with exa
tlythe same 
ouplings but di�ers in spin by one half an integer as shown in Tab.2.4.Within this theory, the diagram in Figure 2.2, where ~f is the supersymmetri
partner of f , is in
luded with the diagram in Figure 2.3. These diagrams havethe same verti
es and 
oupling 
onstants, and hen
e at high energy, the samemagnitude for the amplitude. But sin
e the parti
le spins are di�erent, the am-plitude has opposite sign. So when 
al
ulating a 
ross-se
tion, the amplitudes
an
el yielding a �nite intera
tion probability.
h

f

f
–

h

Figure 2.3: Higgs boson disso
iating into a virtual sfermion-antisfermion pair; at highenergy this diagram 
an
els the equivalent one in Figure 2.2.Some models of SUSY retain a small Higgs mass in a natural way and itprovides a base towards uni�
ation of the ele
troweak and strong intera
tion. Inaddition SUSY theories give a 
onsistent predi
tion of the size of the ele
troweakmixing parameter sin2 �w. Furthermore SUSY, in the framework of R-parity2
onservation, 
an provide a stable neutral supersymmetri
 parti
les, whi
h 
anful�l the dark matter requirements needed in astrophysi
s and 
osmology.2.3.2 Alternative Physi
sA 
ertain number of alternative models en
lose the idea of a Higgs �eld andgenerate Ele
troweak Symmetry Breaking. Two important alternative s
enariosto the SM are extra-dimensional theories and new types of strong intera
tions.These are dis
ussed in more detail, together with other s
enarios in [15℄ withinthe framework of e+e� 
olliders:2R parity relates SM parti
les with positive R-parity to their superpartners with negativeR-parity . 11



� Extra-dimensions at a semi-ma
ros
opi
 s
ale. This approa
h addresses thegauge hierar
hy problem and gives 
on
rete and distin
tive phenomenology.For example, in su
h s
enarios resonan
es would appear for the 
ross-se
tione+e� ! �+�� as shown in Fig. 2.4� One 
an imagine that no Higgs boson exists. In that 
ase, the ele
troweaksymmetry should be broken by some other intera
tions, and gauge bosons
attering should be
ome strong at a s
ale of order 1 TeV. Su
h theories areoften referred to as strongly 
oupled theories. Potential signatures withinthis model are expe
ted to 
ome mostly from anomalous W+W� 
oupling[19℄.

Figure 2.4: Cross-se
tion for e+e� ! �+�� as a fun
tion of ps showing severalresonan
es for large extra-dimension s
enarios [15℄.
2.4 Potential Physi
s Studies at the InternationalLinear ColliderThe International Linear Collider (ILC), des
ribed in Chap. 3, is foreseen to rea
ha 
entre of mass energy (
ms) of up to 500 GeV with an upgrade to the TeV s
ale.Within its energy range, several pro
esses will swit
h on as shown in Fig.2.5.The ILC is referred to as a high pre
ision ma
hine as it is designed to provide12



now LHC LCÆMW [MeV℄ 33 15 10Æmt [GeV℄ 5.1 1.0 0.2-0.1Æmh [MeV℄ - 100 50Table 2.5: Current and anti
ipated future experimental un
ertainties for the W bosonmass, MW , the top quark mass, mt. The indire
t determination Higgs boson mass, mhis also given [16℄.high a

ura
y measurements mainly due a 
lean experimental environment. Asan example, Tab.2.5 illustrates the 
urrent and anti
ipated future experimentalun
ertainties for the mass measurements of the W , the top and the indire
tpre
ision on the Higgs boson mass. If a Higgs boson exists within the TeV

Figure 2.5: Cross-se
tions for some interesting pro
esses at the ILC [22℄.range, the ILC will be able to measure the full set of its properties with highpre
ision. The observables on the Higgs, i.e. its mass, spin, and lifetime, itsprodu
tion 
ross-se
tion, and bran
hing ratios will de
ide if it has the pro�le of13



the one predi
ted by the SM. Further studies to re�ne the existing pre
ision 
anthen 
onstrain the model or reveal its origin from a supersymmetri
 world orother s
enarios.2.4.1 Threshold S
ansA linear 
ollider, operating near the t�t produ
tion threshold and at higher en-ergies, 
an 
arry out a 
omprehensive programme of top quark physi
s. The
ross-se
tion for e+e� ! t�t presents a sharp in
rease around the 
entre of massenergy of 350 GeV. The shape of its threshold produ
tion 
ross-se
tion dependson its mass, its width, the strong 
oupling �s and the top quark Yukawa 
ou-pling. The dependan
e of the 
ross-se
tion on the 
entre of mass energy is shownin Fig.2.6. The e�e
t of a shift of 10% of the top quark width is also shown toillustrate the variation of the 
ross-se
tion as was done in [17℄. This shows thata measurement of the width is most sensitive in the peak of the thresshold s
an.A 
areful study of this t�t threshold stru
ture allows for a

urate measurementsof ea
h parameter of the top quark. In addition this study 
ontributes radi
allyto the a

ura
y of Higgs predi
tions. Pre
ise determination of the parametersthat form the shape of the luminosity spe
trum is 
ru
ial be
ause the measuredthreshold s
an depends strongly on it. The measurement of this luminosity spe
-trum forms a major part of this thesis. Fig.2.7 shows the modi�
ation of thethreshold s
an as several additional blurring e�e
ts are swit
hed on.If SUSY is realised in nature, several s
hemes would give rise to a ri
h spe
-trum of parti
les (Fig. 2.8). Be
ause the ILC 
an s
an its well-de�ned 
entreof mass energy a
ross thresholds for new physi
s produ
tion it will be able toidentify them one by one and to measure supersymmetri
 parti
le masses withvery high pre
ision. If alternative physi
s is the way that nature expresses itself,several pro
esses whi
h are present within the SM su
h as e+e� ! �+�� will dis-play variation 
ompared to the SM predi
tion at high energy. In addition 
arefulextrapolation beyond the ILC's energy rea
h will bene�t the physi
s at very largeenergy s
ale. 14
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Figure 2.6: Cross-se
tion near the threshold for a top width �t = 1:43 GeV. Thedotted lines 
orresponds to a shift of 10% of the top width [17℄.

Figure 2.7: Cross-se
tion at the top threshold in
luding several e�e
ts su
h as beamenergy spread, beamstrahlung and initial state radiation [18℄.2.5 On the 
omplementarity with LHCThe interplay between the Large Hadron Collider (LHC), being built at CERNand the ILC is detailed in the report in Ref. [19℄. Most of the studies assume thatthe ILC 
omes into operation while the LHC is still running. During simultaneousrunning, analyses 
arried out at one ma
hine 
ould be adapted a

ording to theresults obtained at the other ma
hine. The ILC results 
ould also serve as an15
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Figure 2.8: Example of mass spe
trum for various SUSY model: minimal supergrav-ity (mSUGRA), Gauge mediated symmetry breaking (GMSB) and anomaly mediatedsymmetry breaking (AMSB) [22℄. LHC LHC+LCÆ ~�01 [GeV℄ 4.8 0.05Æ ~�02 [GeV℄ 4.7 0.08Table 2.6: The neutralino RMS values of the mass distribution for LHC alone and
ombined with measures from the LC [19℄.input for a se
ond phase of LHC running, in
uen
ing possible upgrade options.It is foreseen that the ILC pre
ision allows typi
al improvements by a fa
tor 2 to10 for standard model pro
esses and a fa
tor 2 to 3 for minimal supersymmetri
standard model pro
esses. As an example, within SUSY, the a

ura
y of thedetermination of the mass of the lightest supersymmetri
 parti
le neutralino andof the next-to-lightest one at the LHC would lead to a drasti
 improvement ofa

ura
y with ILC input as shown in Tab.2.6.

16



Bibliography
[1℄ S. L. Glashow, Nu
l. Phys. 22 (1961) 579. S. Weinberg, Phys. Rev. Lett. 19(1967) 1264. A. Salam and J. C. Ward, Phys. Lett. 13 (1964) 168.[2℄ B. T. Cleveland et al., \Measurement of the solar ele
tron neutrino 
ux withthe Homestake 
hlorine dete
tor," Astrophys. J. 496 (1998) 505.[3℄ S. Fukuda et al. [Super-Kamiokande Collaboration℄, \Solar B-8 and he pneutrino measurements from 1258 days of Super-Kamiokande data," Phys.Rev. Lett. 86 (2001) 5651 [arXiv:hep-ex/0103032℄.[4℄ Q. R. Ahmad et al. [SNO Collaboration℄, \Dire
t eviden
e for neutrino 
avortransformation from neutral-
urrent intera
tions in the Sudbury NeutrinoObservatory," Phys. Rev. Lett. 89 (2002) 011301 [arXiv:nu
l-ex/0204008℄.[5℄ H. D. Politzer, \Asymptoti
 Freedom: An Approa
h To Strong Intera
tions,"Phys. Rept. 14 (1974) 129.[6℄ D. J. Gross and F. Wil
zek, \Asymptoti
ally Free Gauge Theories. 2," Phys.Rev. D 9 (1974) 980.[7℄ P. W. Higgs, Phys. Lett. 12 (1964) 132. P. W. Higgs, Phys. Rev. 145 (1966)1156. F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321. G. S. Gural-nik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13 (1964) 585.[8℄ Parti
le Data Group, \Review of Parti
le Properties", European Phys. J.C3, 2004.

17



[9℄ S. Stepanyan et al. [CLAS Collaboration℄, Phys. Rev. Lett. 91 (2003) 252001[arXiv:hep-ex/0307018℄. J. Barth et al. [SAPHIR Collaboration℄, arXiv:hep-ex/0307083.[10℄ H.E. Haber and G.L Kane, Phys. Reports 117, 1985.[11℄ M. Lindner, \Impli
ations Of Triviality For The Standard Model," Z. Phys.Rev. 31, 295 (1986).[12℄ C. Quigg, \The Standard model (Ele
troweak theory)," FERMILAB-FN-0731[13℄ R. Barate et al. [ALEPH Collaboration,DELPHI Collaboration and L3 Col-laboration and OPAL Collaboration℄, \Sear
h for the standard model Higgsboson at LEP," Phys. Lett. B 565 (2003) 61 [arXiv:hep-ex/0306033℄.[14℄ J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physi
s Working Group Col-laboration℄, \TESLA Te
hni
al Design Report Part III: Physi
s at an e+e-Linear Collider," arXiv:hep-ph/0106315.[15℄ T. Abe et al. [Ameri
an Linear ColliderWorking Group Collaboration℄, \Lin-ear 
ollider physi
s resour
e book for Snowmass 2001. 3: Studies of exoti
and standard model physi
s," in Pro
. of the APS/DPF/DPB Summer Studyon the Future of Parti
le Physi
s (Snowmass 2001) ed. N. Graf, arXiv:hep-ex/0106057.[16℄ U. Baur, R. Clare, J. Erler, S. Heinemeyer, D. Wa
keroth, G. Wei-glein and D. R. Wood, \Theoreti
al and experimental status of the in-dire
t Higgs boson mass determination in the standard model," in Pro
.of the APS/DPF/DPB Summer Study on the Future of Parti
le Physi
s(Snowmass 2001) ed. N. Graf, eConf C010630 (2001) P122 [arXiv:hep-ph/0111314℄.[17℄ A. H. Hoang, A. V. Manohar, I. W. Stewart and T. Teubner, \The thresh-old t anti-t 
ross se
tion at NNLL order," Phys. Rev. D 65 (2002) 014014[arXiv:hep-ph/0107144℄. 18



[18℄ S. Boogert, \Luminosity spe
trum impa
t on the top mass", ECFA meet-ing Durham http://www.hep.u
l.a
.uk/~sboogert/
ontent/topquark/e
fa-08-2004.pdf[19℄ G. Weiglein et al. [LHC/LC Study Group℄, \Physi
s interplay of the LHCand the ILC," arXiv:hep-ph/0410364.

19



Chapter 3
The Linear Collider and theTESLA Dete
tor
Considerable physi
s potential will be opened up at the ILC. New pro
esses willemerge as the 
entre of mass energy in
reases while, 
on
urrently, their 
ross-se
tion generally de
reases. High luminosity is therefore required to provide highenough statisti
s. In the following 
hapter we will dis
uss the ma
hine to providethe high energy and high luminosity as well as the dete
tor, whi
h is used tounravel physi
s pro
esses. Parti
ular attention is given to the forward 
alorimetrywhi
h is used in Chap. 6 in simulations of the luminosity spe
trum measurements.3.1 The Linear ColliderIn addition to a
hieving high luminosity, the 
hoi
e of a linear 
ollider is mainlydriven by the amount of energy that 
an be brought together at the intera
tionpoint keeping as low as possible any losses within the 
ollider. In a usual 
ir
ularele
tron ring, the ele
trons lose some of their energy via syn
hrotron radiation.In su
h a ma
hine, the energy loss for a parti
le de
e
ted by a magneti
 �eldis proportional to the fourth power of the beam energy and the inverse of theaverage ring radius. LEP (Large Ele
tron Positron 
ollider) was experien
ing 1.5GeV of loss per turn for a 
entre of mass energy of 180 GeV. As a 
omparison LEP20



running at 500 GeV would lose approximately 90 GeV per turn and a
hievinga ma
hine rea
hing 500 GeV with relatively low loss would require a ring witha 
ir
umferen
e of 200 km. Therefore 
ir
ular rings in this respe
t 
an not beused to attain very high energy. The solution lies in a

elerating the parti
lesin a straight line i.e. adopting a linear 
ollider. Until re
ently, several proje
tswere under study to provide su
h 
ollider. Although their physi
s programmewas similar and they all had the goals to a
hieve higher energy and luminositythan previous ma
hines, the proposed te
hnologies were di�erent. The ma
hinedesigns were denoted as:� NLC - the Next Linear Collider, proje
t driven mainly by SLAC, US;� TESLA - The Tera ele
tron volt Energy Super
ondu
ting Linear A

eler-ator 
ondu
ted by DESY, Germany;� GLC - the Global Linear Collider brought forward by KEK, Japan.In 2004, the International Te
hnology Re
ommendation Panel (ITRP), 
hargedto make a 
hoi
e of the te
hnology for a proposed future international parti
le a
-
elerator, re
ommended super
ondu
ting te
hnology. Being at the time of writingthe only \
old" te
hnology parti
le a

elerator, TESLA is dis
ussed in more de-tail in the following se
tions. The parameters of the International Linear Collider(ILC) are being revisited and might undergo modi�
ations su
h as the 
rossingangle and bun
h spa
ing. In addition to the ILC, the European Centre of Nu
learResear
h (CERN) 
ondu
ts a proje
t 
alled the Compa
t Linear Collider (CLIC)aiming a multi-TeV ma
hine with high a

elerating gradient (150 MV/m), basedon normal 
ondu
ting te
hnology.3.1.1 TESLA A

elerator3.1.1.1 General LayoutThe overall length of the TESLA linear 
ollider is foreseen to be 33 km. It ismade up of two linear a

elerators, ele
tron and positron, pointing at ea
h other.21



Ea
h linear a

elerator is 
onstru
ted with ten thousand 1-m long super
ondu
t-ing niobium 
avities (Fig. 3.1), ea
h 
onsisting of 9 
ells and 
ooled by super
uidHelium to T = 2oK. The te
hnology of the ma
hine is thus referred to as 
oldte
hnology. The power dissipation in the 
avity walls is small, allowing a high

Figure 3.1: The 9-
ell niobium 
avity for TESLA.beam power with low ele
tri
al power 
onsumption. Thus, the 
hoi
e of super-
ondu
ting RF o�ers the possibility to use a long RF-pulse (1 ms). It also allowsa relatively large bun
h spa
ing (337ns at E
ms=500 GeV) with lower wake�elde�e
ts than with a ma
hine with shorter bun
h spa
ing.3.1.1.2 ParametersThe ma
hine parameters of TESLA are presented in Tab. 3.1. The pulse lengthis often referred to train length as it is 
onsists of a series of 
onse
utive shortlyinterspa
ed bun
hes and a long waiting time (approximately 199 ms for TESLA)before the next train. Within one se
ond nearly 14100 bun
h 
rossings o

ur atTESLA-500. The repetition rate (frep = 5 Hz) drives the time interval betweenthe start of ea
h train. The low RF-frequen
y (fRF=1.3 GHz) is suitable for ahigh peak power system that 
onverts AC-power to RF-power used to a

eleratethe bun
hes. One of the most noti
eable features of the beam is its 
atness asat the intera
tion point the beam size is designed to be 553(x)� 5(y) nm for the500 GeV 
entre of mass energy ma
hine. A 
at beam limits the beamstrahlungas des
ribed in Se
. 6.2.2.
22



TESLA-500 TESLA-800A

elerating gradient Ea

 [MV/m℄ 23.4 35RF-frequen
y fRF [GHz℄ 1.3Lina
 Repetition rate frep [Hz℄ 5 4Total site length Ltot [km℄ 33 33A
tive length [km℄ 21.8No. of a

elerator stru
tures 21024Beam pulse length TP [�s℄ 950 860No. of bun
hes per pulse nb 2820 4886Bun
h spa
ing �tb [ns℄ 337 176Charge per bun
h Ne [1010℄ 2 1.4Emittan
e at IP 
�x;y [10�6m℄ 10, 0.03 8, 0.015Beta at IP ��x;y [mm℄ 15, 0.4 15, 0.4Beam size at IP ��x;y [nm℄ 553, 5 391, 2.8Bun
h length at IP �z [nm℄ 300 300Beamstrahlung ÆE [%℄ 3.2 4.3Luminosity Le+e� [1034
m�2s�1℄ 3.4 5.8Power per beam Pb=2 [MW℄ 11.3 17.5Table 3.1: LC parameters for the baseline design of TESLA [17℄.
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Figure 3.2: Sket
h of the overall TESLA layout with the optional se
ond intera
tionpoint [17℄. The X-ray laser fa
ility is now being built separately.3.1.1.3 The Linear ColliderA linear 
ollider is built up with various se
tions, whi
h all provide a spe
i�
 anddi�erent task. A brief overview is given in the following se
tion. The low energybeam from the inje
tor is a

elerated before being inje
ted into a damping ringto redu
e its emittan
e. The bun
hes are then sent to a bun
h 
ompressor and�nally into the main lina
 (linear a

elerator) before rea
hing the beam deliverysystem and the intera
tion region. 24



Inje
tor The inje
tion systems provide the ele
trons and positrons for ea
hbeam with the required time stru
ture and 
harge per bun
h. Its design is, forTESLA, based on the existing TTF (TESLA Test Fa
ility) a

elerator. Theele
tron beam is generated in a laser-driven gun via the photoele
tri
 e�e
t: alaser is dire
ted to a Cs2Te photo
athode whi
h generates photoele
trons. Theseare then a

elerated by DC voltage. The positrons are 
reated via e+e� pairprodu
tion by dire
ting high energy photons on a target. For the 
urrent designstwo approa
hes are foreseen: the �rst approa
h, said to be 
onventional, makesuse of high energy ele
trons whi
h strike a thi
k target. The primary ele
tronsgenerate high energy photons via bremsstrahlung, and these are 
onverted withinthe same target into the ele
tron positron pairs. In the se
ond approa
h, photonsare primarily generated in an undulator, where high energy ele
trons (�150 GeV)are passed through to produ
e high energy photons. The undulator 
onsistsof a series of dipole magnets. The alternating �eld, set up by the alternatingdipole arrangement within the undulator, 
auses the beam to os
illate in itstraje
tory and photons are then emitted. The se
ond approa
h has the advantageof having mu
h less power deposition in the target and the emittan
e 
an be
onstrained. TESLA foresees the use of the se
ond approa
h and its designintegrates an undulator at the end of the ele
tron a

eleration, upstream of theintera
tion region. Both beams, ele
tron and positron, are then a

elerated bysuper
ondu
ting stru
tures up to the energy required for the damping ring. (5GeV for TESLA).Damping Ring In order to produ
e a minimum spot size at the intera
tionpoint, it is ne
essary to minimise the transverse emittan
e of the beam. Thedamping rings are used to redu
e the transverse beam emittan
e, by the use ofsyn
hrotron energy radiation losses. The beams are inje
ted into the dampingring and 
ir
ulate many times: When the parti
les pass around the ar
s in thedamping ring, their 
urved traje
tories 
ause syn
hrotron radiation (SR) to beemitted, redu
ing the energy of the parti
les. The parti
le is then a

elerated.This narrows the angle of the ele
trons within the beam and redu
e the emittan
e.25



In addition wigglers, similar te
hnology to undulators, are also used in one of thestraight se
tions of the damping ring to further in
rease the damping rate perrevolution.A \
hi
ane" is introdu
ed after the damping ring and before the main lina
to 
ompress the beam longitudinally. The relative path length di�eren
es for lowand high energy parts of the bun
h 
ause the bun
h to 
ompress longitudinally.The bun
hes 
an then be sent to the main a

elerator.Main Lina
 The 
ore of the TESLA proje
t is the a

elerator 
alled the mainlina
. The ele
tron and positron beams are a

elerated from 5 to 250 GeV at agradient of Ea

=23.4 MV/m for the 500 GeV 
ase. The ele
tron and positronlina
s have a total length of 14.4 km ea
h. The 10296 9-
ell 
avities per lina
are 
ontained in 
ryomodules whi
h also house fo
using quadrupoles, steeringmagnets and beam position monitors (BPM).Beam Delivery System The Beam Delivery System (BDS) transports thebeams from the exit of the lina
s to the intera
tion point, where they are broughtinto 
ollision. It serves several fun
tions, su
h as produ
ing the strong demagni�-
ation to obtain the small beam size at the IP, 
hromati
 
orre
tions, 
ollimation,maintaining the beam in 
ollision with the help of a feedba
k system and provid-ing diagnosti
s for the emittan
e measurements.3.2 TESLA Dete
torThe physi
s programme dis
ussed in Chap. 1 is translated into dete
tion require-ments. From a general point of view, the dete
tor has to provide good tra
kingand energy resolution. In addition, high hermeti
ity is needed in order to let asfew parti
les as possible es
ape undete
ted.
26



3.2.1 OverviewThe overall dete
tor is foreseen to be 14.8 m in length and 14.9 m in diame-ter. It 
onsists of vertexing dete
tors, tra
king devi
es and ele
tromagneti
 andhadroni
 
alorimeters. A super
ondu
ting 
oil provides a large magneti
 �eld of4 T throughout the 
entral dete
tor.

Figure 3.3: Quadrant view of the TESLA dete
tor [22℄.3.2.2 Tra
king SystemThe tra
king system surrounds the IP and measures parti
le tra
ks before theyenter the 
alorimeter. Its 
omponents are, from the inner-most to the outer most,a vertex dete
tor (VTX), sili
on tra
king dete
tors in the barrel (SIT) and in theforward region(FTD), a Time Proje
tion Chamber (TPC) and a forward 
hamber(FCH) behind the TPC.� As 
lose as possible to the IP lies the multi-layered pixel mi
ro-vertex de-te
tor with an inner radius of 1.5 
m and an outer radius of 6 
m. It27



is primarily optimised to re
onstru
t se
ondary verti
es in b and 
-quarkde
ays;� The main role of the sili
on tra
king dete
tors is to improve the momentumresolution by the addition of a few very pre
isely spa
ed points at 
ompar-atively large distan
es from the IP. The SIT 
onsists of two 
ylinders ofdouble sided sili
on strip dete
tors. The required resolution in r� is 10 �m.The z measurement of the SIT is mainly needed to improve the tra
k �ndingeÆ
ien
y. For this purpose a resolution of 50 �m is 
onsidered suÆ
ient;� the FTD 
onsists of pixel dete
tors in the �rst three layers and strip dete
-tors in the last four. The resolution requirement is 25 �m;� The large Time Proje
tion Chamber (TPC) will play a 
entral role in both�nding and measuring the 
harged parti
les. To ensure good solid angle
overage, good tra
k resolution, and simultaneously good determinationof the spe
i�
 energy loss (dE/dx) of parti
les, many points need to bemeasured along ea
h tra
k; 200 su
h points are foreseen for the TPC.This di
tates that the 
hamber should be rather large, both radially andlongitudinally, limiting as well the possible total amount of energy loss ofthe in
oming parti
les. The TPC with an outer radius of 170 
m and anoverall length of 556 
m 
onsists of two gas-�lled 
hambers separated by a
athodi
 membrane. The radiation length from the inner side of the TPCto the outer side is 0.03 Xo. The a
tual preferred readout te
hnologies arethe Gas Ele
tron Multipliers (GEM) type 
onsisting of a thin polymer foilperforated by a high density of small holes or Mi
romegas type build upwith thin metalli
 meshes;� The forward Chambers (FCH) extend radially from the inner radius of theTPC to just below the outer radius of the TPC �eld 
age and ea
h isapproximately 6 
m thi
k.The tra
king follows the path that the 
harged parti
les make in a magneti
 �eldand thus allows their momentum to be measured. For the overall tra
king, the28



goal of the momentum resolution is Æ( 1pt ) � 5� 10�5(GeV=
)�1.3.2.3 Calorimetry3.2.3.1 OverviewA 
alorimeter is a blo
k of matter that is of suÆ
ient thi
kness to 
ause theprimary parti
le to intera
t and deposit all of its energy in a subsequent \shower"of in
reasingly lower energy parti
les. Calorimeters 
an measure the energy ofphotons, ele
trons, positrons and hadrons, but not neutrinos, whi
h intera
t viathe weak for
e only, or muons, whi
h are too heavy to lose suÆ
iently rapidlyenergy by radiation.After intera
tion with an in
oming parti
le, the internal stru
ture of the
alorimeter is in an ex
ited state. The return to the fundamental state o

ursthrough the emission of an ele
tri
al, opti
al or thermal signal whi
h is propor-tional to the in
oming parti
le energy. Getting the signal with the appropriate
alibration leads to the determination of its energy.3.2.3.2 Ele
tromagneti
 and Hadroni
 CalorimetersThe main 
omponents of the 
alorimetry in the TESLA dete
tor are the ele
-tromagneti
 
alorimeter (ECAL) and the hadroni
 
alorimeter (HCAL). Both
alorimeters are anti
ipated to be dense and hermeti
 sampling dete
tors withhigh granularity in order to separate the 
ontribution of di�erent parti
les andmeasure their four momenta.3.2.3.3 Forward CalorimetryThe forward 
alorimeters extend the hermeti
ity of the overall dete
tor, as re-quired by many possible new physi
s signatures. In addition the instrumentationof the forward region plays a 
ru
ial role in the measurement of the luminosityand its spe
trum. 29



42503000

3
0
0

2
5
0

2800

3 m 4 m 5 m

8
0

V
al

v
e

82.0 mrad

26.2 mrad

3.9 mrad

82.0 mrad82.0 mrad82.0 mrad82.0 mrad 250
280

  80

  12

92.0 mrad

LumiCal

BeamCal

LumiCal    3050...3250

BeamCal   3650...3850

Pump         3350..3500

L*                4050

long. distances

E
C

A
L

E
C

A
L

HCAL

HCAL

Pole Tip

Pole Tip

QUAD

QUAD

VTX−Elec

VTX−Elec

Elec

Elec

Elec

Elec

Cal

Cal
Lumi

Lumi

Cal
Beam

Cal
Beam

Figure 3.4: Design of the forward 
alorimetry with fo
al length l�=4.05 m.The maximum distan
e of the forward 
alorimeters to the intera
tion regionis mainly determined by the fo
al length l� of the �nal fo
us system. The presentlayout of the 
alorimeters 
orresponds to l�=4.05 m as shown in Fig. 3.4. The
alorimetri
 
overage of the solid angle is 
ompleted by two devi
es in the veryforward region on both sides of the intera
tion point, the low angle 
alorimeter(BeamCal) and the luminosity 
alorimeter (LumiCal). The LumiCal will be usedprimarily to provide good 
alorimetri
 
overage in the region between 82 and26 mrad. The BeamCal 
overs the regime down to very small angles approxi-mately 4 mrad.The BeamCal: This extends the hermeti
ity of the overall dete
tor down tothe beampipe. Its purpose is to make measurements of the spatial and spe
traldistribution of the beamstrahlung. In addition it 
an measure or provide a vetofor high energy ele
trons from two-photon pro
esses to angles as 
lose as possibleto the beam pipe. These have parti
ular importan
e for physi
s pro
esses withmissing energy and momentum [7℄. The 
alorimeter is also a shield for the 
entralpart of the dete
tor against ba
ks
attered parti
les, indu
ed by beamstrahlungremnants downstream in the beamline, and syn
hrotron radiation. One option forthe BeamCal is a tungsten sampling 
alorimeter. The proposed dete
tor 
onsistsof aproximately 63 planes of tungsten and sili
on or diamond for the interspa
ed30



a
tive sensors. The performan
e study of the BeamCal has been detailed in [2, 8℄.The Luminosity 
alorimeter: The LumiCal is planned to be lo
ated at adistan
e of 300 
m approximately on both sides of the intera
tion point, 
overingan annular surfa
e between radii of 8:0 
m and 25:0 
m from the beam line andpolar angle1 � between 26 and 82 mrad. The 
alorimeter is expe
ted to be asili
on tungsten sandwi
h dete
tor with a similar stru
ture to the 
alorimetershown in Fig.3.5 [8℄. It is subdivided radially in 
ylinders, azimuthally in se
tors

Figure 3.5: The stru
ture of the half barrel of the luminosity 
alorimeter. The sensorsare interspersed between the tungsten disks.and longitudinally in rings. Ea
h ring 
onsists of tungsten and a sensor plane.The thi
kness of a tungsten disk is one radiation length i.e. 3.5 mm.An energy resolution of 25% �pE[GeV ℄ has been assumed [8℄ although theluminosity 
alorimeter geometry is, at the time of writing, under modi�
ationand the resulting resolution is under study.3.2.4 Muon SystemThe basi
 task of the muon system is to provide muon identi�
ation and serve asa 
ag or a tail 
at
her for hadroni
 showers. The muon dete
tor is lo
ated behind1the polar angle � and the azimuthal angle � are de�ned w.r.t. z and x, respe
tively.31



the 
alorimeters and the 
oil. The iron of the 
ux return for the 4T magneti
�eld of TESLA is used as an absorber with a thi
kness of 1.6m. The overalllongitudinal size of the muon identi�er is foreseen to be 14.4m and to extendradially from 3.80 to 5.80 m for the barrel.
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Chapter 4
The Laser Wire Proje
t
4.1 From Emittan
e to LuminosityThe evolution of a beam of parti
les through a beam transport system 
an be
hara
terised by the evolution of its transverse phase spa
e. A graphi
al rep-resentation of the phase spa
e gives the angle of motion and position of everyparti
le in the beam. It is 
ustomary to de�ne an ellipse in phase spa
e 
on-taining a 
ertain per
entage, traditionally 95%, of the beam parti
les, 
alled thephase ellipse as shown in Fig. 4.1. The area en
losed by the ellipse is 
alled thebeam emittan
e � de�ned, for example in the x-plane, byZellipse dxdx0 = �� (4.1)where x0 = dxdz is the angle of the individual parti
les with respe
t to the nominalbeam dire
tion. The emittan
e is a measure of the beam quality. Two di�erentemittan
es are de�ned in the transverse plane: the horizontal emittan
e �x, andthe verti
al emittan
e �y. A property of the phase spa
e is that its area is invariantif only fo
using and bending for
es are applied to the beam. This 
onservationlaw is 
alled the Liouville theorem. Thus the emittan
e is an invariant in abeam delivery system of a linear 
ollider where the parti
le energy is 
onstant.To a

ount for 
hanges in the parti
le momentum and deal with a 
onservedemittan
e, a \normalised emittan
e" �n is de�ned whi
h is proportional to the35



relativity parameters �
1 as �n = (�
)� (4.2)The traje
tory of a parti
le through an arbitrary beam transport system 
an be
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Figure 4.1: Phase spa
e diagram in one dimension.determined by its betatron fun
tion. It is a 
hara
teristi
 of the fo
using for
esapplied to the beam and is highly dependent on the parti
ular arrangement ofquadrupole magnets. It is also 
alled amplitude fun
tion as it de�nes the aspe
tratio of the ellipse semi-axes in the x dire
tion over the one in x0 dire
tion.Both the betatron fun
tion and the beam emittan
e determine the luminosityof the 
olliding beams at the intera
tion point [1℄,L = f
 N2bHD4�p��x��xp��y��y (4.3)where L is the luminosity for the head-on symmetri
 gaussian beam 
ollision, Nbis the number of parti
le in ea
h bun
h (
onsidered equal), f
 is the repetitionrate times the number of bun
hes per bun
h train, HD is the enhan
ement fa
tordue to pin
h and hourglass e�e
ts, ��i is the betatron fun
tion for the transverse i-dimension (i = x; y) at the intera
tion point, ��i is the emittan
e and the relation��i = p��i��i was used. For maximum luminosity, as indi
ated in Eq. 4.3, avalue of �i as small as possible is desirable. The beam delivery system plays animportant role for the luminosity performan
e as it prepares the beam for theintera
tion as dis
ussed in Se
. 3.1.1.3. It is important that the emittan
e does1� = v
 , with 
 the velo
ity of light, and 
 = 1p1��236



not in
rease signi�
antly in the BDS and therefore a 
areful monitoring of itsvalue is essential.4.2 Measuring the Emittan
eSin
e the beam emittan
e is a measure of both the beam size and the beamdivergen
e, its value 
an not be measured dire
tly. In drift spa
e, without anyopti
s, the emittan
e naturally rotates as shown in Fig. 4.2. Thus if the beamsize is measured at di�erent lo
ations, di�erent parts of the ellipse 
an be probedby a beam size monitor and the beam emittan
e 
an be determined. Typi
al
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Figure 4.2: The emittan
e measurements: the beam envelope propa-gates in drift spa
e (1). Snapshots of the phase spa
e at several measure-ment stations is performed (2). The proje
tion is then used to determinethe ellipse of the emittan
e.BDS beam sizes for TESLA, CLIC and NLC/GLC are listed in Tab. 4.1. Theele
tron bun
h transverse pro�le has been measured in the past by interse
tingthe ele
tron beam with a solid wire and by 
ounting the subsequent ba
kgroundrate as a fun
tion of the relative position of wire and bun
h. Using this te
h-nique, resolutions of typi
ally a few �m 
an be obtained, at the expense of somesigni�
ant disruption to the beam. This te
hnique 
annot be used universally at37



CLIC NLC/GLC TESLABDS �x [�m℄ 3.4 to 15 7 to 15 20 to 150�y [�m℄ 0.35 to 2.6 1 to 5 1 to 25Table 4.1: Beam spot sizes for various Linear Collider designs. Quoted numbers forCLIC [5℄, NLC/GLC [6℄ and TESLA [7℄.the ILC, however, be
ause the beam spot sizes 
an be mu
h smaller, the need for
ontinuous measurement pre
ludes an invasive te
hnique and the intensities areso great that the wires would be qui
kly damaged, even if swept rapidly throughthe beam. For these reasons, it is ne
essary to develop a novel te
hnique that
an run 
ontinuously and reliably during ma
hine operation, that does not getdestroyed by the beam and that 
an be suÆ
iently fast so as to be sensitive toindividual ele
tron bun
hes within bun
h train. A laser based pro�le monitor isnon-invasive and disturbs very little the observed beam [3℄. It has as well theadvantage of having a minimum measurement size substantially smaller than the�bres used for the solid wire te
hnique. The laser-wire, des
ribed in detail in thefollowing se
tions, provides su
h a tool to monitor the beam size. At least �vestations will be required for ea
h lepton beam, possibly �red by a single lasersystem. Ea
h station will need to provide a pro�le along two dire
tions.4.3 Prin
iple of the Laser-WireThe laser wire measures the transverse ele
tron beam size by s
anning a narrowlaser beam transversely over an ele
tron beam as shown in the layout of Fig. 4.3.A high power laser beam is divided into two di�erent opti
al paths for s
anningthe horizontal and verti
al beam size. The strongly fo
used laser beams intera
twith the ele
tron bun
h 
reating Compton s
attered photons. The ele
tron beamis then bent away while the Compton s
attered photons travel along a straightline, where they are dete
ted with a 
alorimeter. S
attered ele
trons are bentmore strongly than parti
les with the nominal energy, enabling dete
tion at a38



lo
ation after the bending magnet. The proof of prin
iple of this te
hnique was

ELECTRON
DETECTOR

SCATTERED
ELECTRONS

MAGNET
BENDING

ELECTRON
BUNCH

ELECTRON BEAM
TRAJECTORY

COMPTON
SCATTERED

GAMMAs

GAMMA−RAY
DETECTOR

x

y z LASERBEAM

BEAM SPLITTER

MIRROR

DEFLECTOR

HIGH POWER LASER

Figure 4.3: Layout of the laser-wire.�rst demonstrated at the Stanford Linear Collider (SLC) [4℄ and a di�erent designis presently being tested at the A

elerator Test Fa
ility (ATF) at KEK [8, 9, 10℄.The SLC design used a high power pulsed laser beam, transported over 17 m tothe IP within the Stanford Linear Dete
tor (SLD) experiment. The very tightspa
e and a

essibility of this lo
ation led to a highly engineered design, withthe laser position �xed in spa
e. The operation of the devi
e then required theele
tron beam to be s
anned a
ross the laser beam and, in this sense, this laserwire was still an invasive devi
e. The ATF design uses a 
ontinuous wave laser andthe entire opti
al system is moved relative to the ele
tron beam using steppingmotors. The aim of the Laser Based Beam Diagnosti
 (LBBD) [11℄ 
ollaborationis to elevate these design to a 
ompa
t, non-invasive devi
e where a high powerpulsed laser is s
anned a
ross the ele
tron beam using either piezo-driven mirrors,a
ousto-opti
 devi
es or ele
tro-opti
 te
hniques.4.4 Gaussian Beam SignalThe laser beam is fo
used to a small gaussian spot with sigma �0. Considering adi�ra
tion limited, �nely fo
used beam waist, the minimal a
hievable spot radiusis given by �0 = �=(2��), where � denotes the laser wavelength and � the half39



opening angle of the laser beam at the waist as shown in Fig. 4.4. The distan
eover whi
h the laser beam diverges by p2 of its minimum size is 
alled theRayleigh range xr and de�nes the usable length of the laser at the intera
tionpoint.
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Figure 4.4: S
heme of a gaussian laser beam fo
used to its di�ra
tionlimit s
anned over an ele
tron beam.Given that the ele
tron bun
h is shorter than the laser pulse 2, the number ofCompton photons per ele
tron bun
h/laser pulse 
rossing is given by [2℄N
 = NbPL�
�
2h 1p2��s exp �y22�2s Z +1�1 dz exp �z22�2z (4.4)where PL is the instantaneous laser power, Nb is the number of ele
trons perbun
h, �2s = �2y+�20 the overlap region 
orresponding to the quadrati
 sum of thelaser and ele
tron beam sizes and y is the transverse position of the laser spotwith respe
t to the ele
tron bun
h 
entroid. The integral is performed over thelength of the laser pulse in z. The number of photons versus the relative positionof both beams follows a gaussian distribution as shown in Fig. 4.4 where the peaknumber of Compton photons per bun
h, N bun
hC , o

urs when the o�set y = 0:N bun
hC = NbPL�
�
2h 1p2��s (4.5)The peak number of Compton photons per bun
h is given in Fig. 4.5 as a fun
tionof the laser transverse beam size �0 for several ele
tron beam sizes �y and for a2The ele
tron bun
h length at PETRA is 100 ps and the laser bun
h length is 12.5 ns asdis
ussed in Se
. 5.5.2 40



beam energy of 4.5 GeV and a laser power of 2 MW. N bun
hC is approximately1533 photons with �0=1 �m and �y=20 �m.
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(mm)Figure 4.5: Peak number of Compton photons per bun
h N bun
hC as a fun
tion of thelaser transverse beam size �0 for several ele
tron beam sizes �y. The beam energy is4.5 GeV, the laser power is 2 MW and the number of ele
tron per bun
h is 7 1010, atypi
al value for the a

elerator used later on i.e. PETRA.
4.5 Compton S
atteringThe physi
al pro
ess of relevan
e to the laser-wire is Compton s
attering e�+
 !e� + 
, where an unpolarised photon intera
ts with a relativisti
 ele
tron (orpositron) to give an energy degraded ele
tron and a boosted photon. The 
ross-se
tion for the Compton s
attering ele
tron, is given by [13℄�
 = �o34[1 + ��2 (2�(1 + �)1 + 2� � log(1 + 2�)) + 12� log(1 + 2�)� 1 + 3�(1 + 2�)2 ℄ (4.6)The energy spe
trum of the resulting gamma-rays, shown in Fig. 4.6 is given

41



by [13℄: d�
d! = 3�o8 ( 11� ! + 1� ! + � !�(1� !)�2 � 2!�(1� !)) (4.7)where ! = �
Ebeam is the gamma-ray energy normalised to the ele
tron beam energyEbeam, �o = 6:65�10�25 
m2 is the Thomson s
attering 
ross-se
tion and � = 
 �omeis the photon energy in units of me in the ele
tron rest frame. �o and �
 refer tothe in
oming and outgoing photon energy respe
tively 3. The maximum energyfor the s
attered photon is Emax = 2Ebeam�1+2� . The Compton s
attered photons'
Ebeam= 4.5 GeV

Ebeam= 7 GeV

laser wavelength = 532 nm

Figure 4.6: Di�erential 
ross-se
tion in arbitrary unit of the Comptonphoton energy �
 for an ele
tron beam energy of 4.5 and 7 GeV and alaser wavelength of 532 nm.angular distribution is sharply peaked in the initial positron beam dire
tion andthe photons are thus 
on�ned within a 
one of angle 

 = 1+2�
 as seen in Fig. 4.7.In order to measure the total amount of energy 
oming from the burst of thes
attered photons at ea
h intera
tion a dedi
ated 
alorimeter was built, whi
his detailed in the next 
hapter. Nonetheless, the �rst task for the experimentis to de�ne an appropriate lo
ation at an a

elerator. Prior to this, possibleba
kgrounds for the signal des
ribed above are now investigated.3For a laser with wavelength 532 nm, �o=2.33 10�9 GeV.42
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xFigure 4.7: Compton energy distribution of individual photons on a verti
al plane14.83 m away for Ebeam = 4:5 GeV. x and y are in 
m. This distribution in
ludesshowering e�e
ts from an aluminium wall of thi
kness 145 mm.4.6 Ba
kground Pro
essesBa
kgrounds are all pro
esses whi
h lead to an additional energy deposit in thedete
tor and hen
e underly the Compton signal. These ba
kgrounds must beredu
ed to the extent that the signal / ba
kground ratio 
an be optimised. Thisba
kground study is of parti
ular importan
e as it 
an lead to spe
i�
 exper-imental strategies e.g. to build ba
kground shields. Preliminary results fromsimulation and measurements were presented at the Parti
le A

elerator Confer-en
e (PAC) 2001 [15, 16℄. In the following se
tion these results are dis
ussed.Spe
i�
ally syn
hrotron radiation, beam gas bremsstrahlung and thermal pho-ton signals are studied. These three pro
esses are the main ba
kgrounds thatprodu
e photons in PETRA.
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4.6.1 Syn
hrotron RadiationSyn
hrotron Radiation (SR) o

urs when a high energy 
harged parti
le enters amagneti
 �eld and its traje
tory is bent. A subsequent loss of energy is observedas an emission of photons.The 
riti
al photon energy is often used to de�ne SR as it marks the spe
tralpoint for whi
h one-half of the total power is irradiated at lower photon energies,and one-half at higher [14℄. It is 
al
ulated, given the bending magnet at PETRAof �dipole = 28:05 mrad, using [19℄:E
rit = 3~2 

3�dipoleLdipole (4.8)with Ldipole the length of the dipole and 
 = Ebeamme the Lorentz fa
tor.SR spe
trum generation, spe
i�ed by E
rit, is performed with a Monte Carloalgorithm des
ribed in [17℄. Fig. 4.8 shows the normalised probability densityfun
tion (pdf) of the photon energy for su
h a pro
ess.
N

u
m

b
er

 o
f 

E
ve

n
ts

 / 
B

in
 (

A
.U

.)

Figure 4.8: Syn
hrotron radiation probability density fun
tion of thephoton energy (1 bin = 110E
=E
rit).The number of SR photons N
SR whi
h are on average emitted per positronin a bun
h - seen by a dete
tor of width a at a distan
e L from the area where44



the dete
tor points to, as illustrated in Fig. 4.9 - 
an be 
omputed using:N
SR = 5�2p3
dlR (4.9)with R = Ldipole�dipole = 189 m the bending radius of the magnet, dl = R aL = 0:47mthe beam length over whi
h photons emitted tangentially to the beam will enterthe dete
tor, and � = 1137 the �ne stru
ture 
onstant.
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Figure 4.9: Drawing showing the de�nition of the parameters for the
al
ulation of the number of SR photons.4.6.2 BremsstrahlungBesides SR the beam 
an lose parti
les via various intera
tions eg intrabeams
attering and beam gas s
attering. The main ba
kground pro
ess whi
h 
anlead to a produ
tion of photons, and hen
e is added to the Compton signal isBremsstrahlung s
attering and is studied below. It o

urs when an ele
tron (orpositron) is de
e
ted by the nu
leus or the ele
trons within a residual gas atom.The resulting gamma-rays produ
e a 
ontinuous spe
trum from zero to the energyEbeam of the in
oming positron as plotted in Fig. 4.10.4.6.3 Thermal PhotonsA third ba
kground 
omponent is produ
ed by intera
tion with thermal photons.Thermal photons originate from the bla
kbody radiation of the beampipe gas.The radiated photons intera
t with the positron beam via the Compton pro
essand then give rise to s
attered photons.45



Figure 4.10: Simulation of the bremsstrahlung photon spe
trum beforepassing through any subsequent material.The density p
th expressed in number of photons per m3 within a volume, herethe beampipe, 
an be 
al
ulated by [18℄:p
th = Z +10 x2ex � 1 dx (kBT )3�2(
~)3 = 2�(3)(kBT )3�2(
~)3 = 2:4(kBT )3�2(
~)3 � 20:2 � T 3 (4.10)where kB is the Boltzmann 
onstant (kB = 8:617 �10�5eV=k�1), T is the absolutetemperature of the bla
kbody in Kelvin and p
th = 5:33 � 1014 m�3 at roomtemperature (T � 300 K).The rate of su
h 
ollisions per bun
h 
an then be 
al
ulated using:N
th = p
thLbmpNe�0 (4.11)with Ne the number of ele
trons (positrons) per bun
h, Lbmp the length of thebeampipe and �0 the Thomson 
ross-se
tion 4. The values are given below inSe
. 4.7.2.3. The total energy of photons per unit volume is [18℄:U(T ) = �2(kBT )415(
~)3 (4.12)The average energy of the thermal photons E
th 
an be derived:E
th = U(T )p
th = �415� 2:4kBT � 2:7kBT � 2:3 � 10�4[T ℄eV (4.13)4Thomson s
attering is the s
attering of ele
tromagneti
 radiation by a 
harged parti
le and�0 = 6:65� 10�25 
m2 46



At room temperature the average photon energy is approximately 0.07 eV.4.7 PETRA Tests4.7.1 PETRA RingsPETRA (Positron Ele
tron Tandem Ring A

elerator) is now a pre-a

elerator ofpositrons and protons for the HERA 
ollider and is as well used as a syn
hrotronsour
e for the HASYLAB test experiments. The PETRA ring o�ers positron(or ele
tron) beams with energies typi
ally of 4.5, 7 and 12 GeV with a beamlifetime of 10 hours. It is therefore a very stable ma
hine. It has a 
ir
umferen
eof 2304 m and 
an 
ir
ulate 40 bun
hes at the same time, with a minimuminter-bun
h distan
e of 192 ns and a bun
h 
harge of the order of 1010 positrons,parameters similar to those foreseen for TESLA. The positron bun
h length istypi
ally 100 ps and its beam energy spread is approximately 0.075%.
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Figure 4.11: S
hemati
s of the PETRA a

elerator within the DESY 
omplex and azoom into the straight se
tion with the two dete
tor lo
ations.Preliminary ba
kground measurements for the same bun
h were performedat PETRA at 4.5 GeV and 7 GeV in two di�erent lo
ations (Fig. 4.11) whi
h47



were the possible positions for the dete
tor of the laser-wire experiment. Thevarious relevant beam parameters are gathered in Tab. 4.2. Lo
ation 1 (LOC1)Beam energy 4.5 and 7 GeVBeam 
urrent 1.55 to 1.77 mAParti
les per bun
h 7.5 to 8.5 1010Average va
uum pressure 1 to 2 10�12barBeam lifetime 10 hoursTable 4.2: PETRA Beam Parameters relevant for ba
kground measurements.is based at the beginning of a straight se
tion behind a dipole whereas lo
ation2 (LOC2) is situated approximately 98m away at the end of the straight se
tion.The dete
tor in lo
ation 2 is positioned behind a dipole and pla
ed between ashort verti
al magnet and a quadrupole. The pressure inside the beampipe ismeasured using 7 pressure monitors lying along the straight se
tion.4.7.2 First Ba
kground SimulationsA 
lose-up of the experimental setup is displayed in Fig. 4.12. The Comptonphotons enter the aluminium wall of the beampipe and are then dete
ted. Thesimulation in
ludes a va
uum beampipe, a dipole, an aluminium beampipe walland a dete
tor as shown in Fig. 4.13.
DIPOLE MAGNET

LASER

BEAM PIPE

CALORIMETER

SIGNAL AND 
BACKGROUND FAN

BEAM TRAJECTORYFigure 4.12: Close-up of the experimental setup.48



Figure 4.13: Setup of the simulation.4.7.2.1 Syn
hrotron RadiationSyn
hrotron Radiation ba
kgrounds were simulated using the methods des
ribedin Se
. 4.6.1 for two PETRA ele
tron beam energies. The 
riti
al photon energiesare approximately 1 keV for 4.5 GeV and 4 keV for 7 GeV and the number ofemitted photons per positron is 0.231 and 0.360 for 4.5 and 7 GeV respe
tively.The 
ontribution of SR photons to the overall ba
kground spe
trum is shown inFig. 4.14.4.7.2.2 BremsstrahlungBa
kground measurements on the same bun
h are presented in Se
.4.7.3.2 withPETRA running at 130 kHz. Thus simulation over 130000 bun
hes, 
orrespond-ing to 1 se
. measurement time, was performed with GEANT3 in
luding astraight se
tion of 10 m length for lo
ation 1 and 98 m for lo
ation 2. Respe
-tively, approximately 0.29 and 2.85 photons are emitted per bun
h. The va
uumpressure inside the beampipe was set to 1:5 � 10�9 mbar.4.7.2.3 Thermal PhotonsThe subsequent Compton photon energy distribution is similar to that displayedin Fig. 4.6 but with a maximum energy of approximately 10.8 MeV and 26.2 MeVfor positron beams of 4.5 GeV and 7 GeV respe
tively. The number of radiatedphotons N
th per bun
h is 0.026 for lo
ation 1 and 0.26 for lo
ation 2.
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4.7.2.4 Simulation Con
lusionsThe ba
kgrounds are added together. Results of the various ba
kground simula-tions are depi
ted in Fig. 4.14 for an energy range between 0 and 600 keV. The

Figure 4.14: Simulation results at two lo
ations for a positron beamenergy of 4.5 and 7 GeV over 130000 bun
hes. No energy resolutionfrom a dete
tor is applied.results demonstrate that the expe
ted number of events dete
ted, �, follows aPoisson distribution be
ause of the low number of photons rea
hing the dete
tor.Thus, for ea
h SR ba
kground pro
ess the probability Pn for n photons dete
tedafter a single bun
h is given by:Pn = �nn e�� (4.14)Results from SR simulation have shown that a negligible number of photonsgo through the beampipe material at 4.5 GeV (upper limit � 1 � 10�15 photons50



per bun
h) but at a beam energy of 7 GeV peaks are observed as depi
ted inFig. 4.14. Due to Poisson statisti
s a high peak is obtained when no photons areobserved, and following peaks, apart by 60 keV, arise for 
ases when one, two ormore photons rea
h the dete
tor. Beam gas bremsstrahlung results, presented inFig. 4.14, show that the bremsstrahlung photon spe
trum 
overs a mu
h widerrange of energies than presented in the plots.4.7.3 First Ba
kground Measurements4.7.3.1 Dete
tor Setup and CalibrationBa
kground measurements were 
arried out using a CsI(TI) 
rystal of size 15�15 � 100 mm3 glued to a photomultiplier Hammatsu R268. The light-tight boxin
luding the 
rystal and the photomultiplier was positioned tangentially to thebeampipe and 30 
m away from the dipole magnets to avoid any ele
tromagneti
e�e
ts on the dete
tor. The signal from the photomultiplier is sent via a 
hargesensitive pre-ampli�er to a shaping 
ir
uit. The bipolar output of the shaping
ir
uit is used to generate a 
lo
k signal via a dis
riminator and a gate/delay unitwhile the unipolar output is 
onne
ted to an analogue/digital (A/D) board. The
alibration was a
hieved with the 660 keV peak of a 137Cs radioa
tive sour
e. Anattenuator 
onne
ted between the test pulse and the pre-ampli�er was used toobtain the pedestal and hen
e 
he
k that the pedestal 
orresponds to an energyof zero keV in the �nal A/D board. Analysis of the 
alibration data reveals anenergy resolution of approximately 4%.4.7.3.2 Measurements ResultsResults of the measurements at both lo
ations with two beam energies are plot-ted in Fig. 4.15. SR and residual gas bremsstrahlung, des
ribed in Se
. 4.7.2, arethe two dominant ba
kground sour
es. At 4.5 GeV in both lo
ations the energyof the photons 
overs the whole measurement spe
trum; only photons from gasresidual bremsstrahlung rea
h the dete
tor. In lo
ation 2 more photons are de-51



Figure 4.15: Ba
kground measurements at two lo
ations for a positronbeam energy of 4.5 and 7 GeV. Data is taken over 130000 bun
hes.te
ted. At 7 GeV in both lo
ations peaks are observed at n� 60 keV for integern, whi
h is the signature of SR as shown in the simulation se
tion. However,in lo
ation 1 more photons from this pro
ess are observed. A high peak is alsofound at zero keV in the various �gures whi
h 
orresponds to the 
ase where nophotons are dete
ted as expe
ted a

ording to Poisson statisti
s.4.8 Con
lusionMeasurements and simulations of the ba
kground for the PETRA laser-wire ex-periment were performed at 2 lo
ations and 2 positron beam energies. Theseindi
ated a high rate of photons 
oming from syn
hrotron radiation but with lowenergies and a low rate of bremsstrahlung photons with energies possibly as highas the beam energy. The simulations were 
arried out with 145 mm of aluminiumthi
kness. In fa
t an e�e
tive length of more than 1 m of Aluminium is lo
ated in52



front of the present 
alorimeter position due to the shallow angle of the photonsin the beampipe. However the 
on
lusion of this study was that ba
kgroundswere not a problem for the PETRA laser-wire (unlike the 
ase at ATF [10℄) andso enabled the laser-wire 
ollaboration to pro
eed with installation of a va
uumvessel at the IP. The laser-wire experiment has sin
e installed a va
uum windowthat allows e�e
tively all the signal to pass through, while the ba
kgrounds arestill under 
ontrol.
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Chapter 5
The Laser-Wire Calorimeter andResults at PETRA
The laser-wire uses a �nely fo
used laser beam to measure the transverse pro�leof positron bun
hes by dete
ting the Compton s
attered photons. As des
ribedin Se
. 4.4, the total energy of the bun
h of s
attered photons emitted duringthe intera
tion of the laser and the positron beam is dependent on their relativepositions. A 
alorimeter is needed to dete
t the s
attered Compton photons. Ithas to be lo
ated 
lose to the beampipe and so be radiation hard. In addition, the
alorimeter has to be fast enough to avoid pile-up from su

essive bun
hes. Lead-tungstate 
rystals were 
hosen to satisfy the above requirements, as des
ribedbelow, and used su

essfully for the �rst transverse beam-size measurements witha laser-wire at PETRA.5.1 S
intillationS
intillation is the physi
s pro
ess by whi
h absorbed energy in a medium istransformed into photons that 
an be dete
ted. In an inorgani
 substan
e it isessentially a 
rystal property of insulators and semi-
ondu
tors, where the energybetween the valen
e band and the 
ondu
tion band is of order an ele
tronvolt.Under external radiation, the ele
tron of the valen
e band 
an \jump" to the56




ondu
tion band (ionisation phenomenon), or, if the energy is not suÆ
ient forthe ele
tron to rea
h the 
ondu
tion band, it remains bound to a positive hole,
reating an ele
tron-hole 
ombination in an ex
ited state, 
alled an ex
iton. Lu-mines
en
e then appears with the subsequent re
ombination as shown in Fig. 5.1.This des
ription 
an only be applied to perfe
t (or intrinsi
) 
rystal latti
es. In
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Figure 5.1: S
intillation pro
ess in intrinsi
 inorgani
 
rystals [5℄.most 
ases, lumines
en
e is due to an emission 
entre 
onsisting of impurities in-trodu
ed with a 
ontrolled quantity. These impurities are energeti
ally lo
alisedbetween the valen
e and 
ondu
tion band thereby 
reating additional energy lev-els. The 
apture of an ele
tron from the 
ondu
tion band, by the 
entre leads toan ex
ited state. Return to the fundamental state o

urs through various ways[1℄: if it is a lumines
ent 
entre, the transition is radiative and if it is a \quen
h-ing" 
entre, the transition is non radiative and the ex
itation energy of the 
entreis thermally dissipated.PbWO4 s
intillation - Lead tungstate s
intillation me
hanisms are not allknown, and resear
h on this subje
t is diÆ
ult be
ause ea
h 
rystal, whi
h 
annot be built rigorously under exa
tly the same 
onditions has di�erent properties.Nonetheless there are two distinguishable emission lines, one blue line at 420 nmand a green line at 500 nm.Lead tungstate 
onsists of Pb2+ ions bound to the so 
alled 
entres W02�4 and57



Density 8.28 g=
m3Radiation length 0.89 
mMoli�ere radius RM 2.19 
mEmission peak 420-440 nmDe
reasing time 15 ns (60%)100 ns(1%)Refra
tive index 2.3Table 5.1: PbWO4 
rystal 
hara
teristi
s.(WO3 + F) within the matrix forming the 
rystal, with F being an impurity in the
rystal. Ea
h s
intillation line is due to the a
tivation of the lead ions asso
iatedwith ea
h 
entre. Thus the blue line 
orresponds to the ex
iton of the lead, boundto the (WO4)2� group. This 
onstitutes the 
hara
teristi
 lumines
en
e 
entre oftungstates. The peak of the emission spe
trum for the lead tungstate 
rystal istypi
ally around 420 nm for photolumines
en
e and 440 nm for radiolumines
en
e[3℄. A subsequent light 
olle
tion system has to be 
arefully 
hosen in a

ordan
ewith these peak emissions.5.2 Lead Tungstate CrystalsLead tungstate 
rystals were 
hosen for their 
ompa
tness, their fast responseand their radiation hardness; Tab. 5.1 lists their main 
hara
teristi
s. The CMSele
tromagneti
 
alorimeter [6℄ R&D programme of the last few years has led to abetter understanding of the radiation damage me
hanism. The main 
on
lusionis that radiation a�e
ts neither the s
intillation me
hanism nor the uniformity ofthe light yield along the 
rystal. It only a�e
ts the transparen
y of the 
rystalsthrough the formation of 
olor 
entres and the transport of light is 
hanged byself-absorption of the 
rystals [2℄. Most of the light is 
olle
ted within 100 nswhi
h makes PbWO4 a very fast s
intillator.The main problem with the 
rystals is the high sensitivity of their light yield58



to temperature variation. Previous studies by the CMS group has indi
ated atemperature dependen
e of -1.98%/K in the temperature region of 250-300 K. Amore detailed study on the dependen
e of the 
alorimeter output with tempera-ture variation is presented later on.5.3 Dete
tor Geometry5.3.1 Individual Crystal Des
riptionLead tungstate has a radiation length and Moli�ere radius of 0.89 and 2.19 
mrespe
tively, whi
h makes ele
tro-magneti
 showers 
ompa
t 
ompared to others
intillation materials. Simulation performed with GEANT4 [4℄ and taking intoa

ount various PbWO4 
rystal sizes, indi
ates that a length of 150 mm andan overall front fa
e of 54 mm is enough to 
ontain 91% of the ele
tromagneti
shower from an in
oming 300 MeV photon as displayed in Fig. 5.3. In addition inorder to optimise the 
olle
tion of light inside the 
rystal and minimise the loss,the 
rystals are polished as shown in the Fig. 5.2. They are also non tapered inorder to �t easily together.

Figure 5.2: Single 150 mm long lead tungstate 
rystal pi
ture as used for the laser-wire
alorimeter.
59



Figure 5.3: Relative energy deposit for 300 MeV photons inside the 
rystal as obtainedfrom the simulation with Geant4.5.3.1.1 Crystal MatrixThe �nal 
hoi
e of the overall size of the a
tive volume of the 
alorimeter wasmainly driven by the available photomultiplier size and the standard size of 
rys-tals that 
ould be delivered rapidly at relatively low 
ost. The 
rystals are grownin standard sizes of 18, 20 and 22 mm width thus, in order to a

ount for a big-ger overall size, it was de
ided to sta
k together 9 
rystals to form the requiredwidth. The 3� 3 matrix 
onsists of 18� 18� 150 mm PbWO4 
rystals wrappedin a highly glossy white �lm. It is held together by an aluminium stru
ture. Thematrix and the PMT are mounted in a light tight aluminium box. A dedi
atedstudy was performed at a testbeam and is des
ribed below in Se
. 5.4.5.3.2 PhotomultiplierTo 
olle
t the photons from the showers developing in the 
rystals, a single photo-multiplier (PMT) Hamamatsu R6091 is 
onne
ted to one end of the matrix withopti
al grease BICRON BC-630.
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Cathode Luminous Sensitivity (Sk) 91.9 �A=lmAnode Luminous Sensitivity (Sa) 708.0 A=lmCathode Blue Sensitivity Index (Skf) 10.30Transit time 48 nsSensitive surfa
e 65 mmTable 5.2: R6091 Photomultiplier tube 
hara
teristi
s.5.3.2.1 Chara
teristi
sThe relevant PMT 
hara
teristi
s are provided in Tab. 5.2 and are des
ribedfurther in the se
tions below.� Radiation hardness: no data on the radiation hardness of the PMT wereavailable prior to its use for the laser-wire experiment. To a

ount forpossible radiation damage, whi
h would lower the signal, two 
alibrationsat test beams were performed and are des
ribed later on.� Photo
athode sensitivity: the photo
athode material de�nes the spe
tralsensitivity of the PMT. The photo
athode for the PMT used is a dedi
atedbialkali material whose spe
tral sensitivity 
hara
teristi
s are displayed inFig. 5.4. The 
athode radiant sensitivity, shown in Fig. 5.4, is de�ned asthe ratio of the 
athode 
urrent to an in
ident 
ux in W but it is more
ustomarily spe
i�ed in terms of photometri
 units and is thus 
alled the
athode luminous sensitivity sk, with an in
oming 
ux in lumens as givenin Tab. 5.2. The maximum of the spe
tral response is at 420 nm approx-imately, whi
h makes the PMT appropriate for PbWO4 light emission asseen in the previous se
tion.� Gain: the gain of a photomultiplier is the ratio Ia=Ik, where Ia is the anode
urrent due to a 
athode photo
urrent Ik [5℄:G = IaIk = SaSk (5.1)61



Figure 5.4: Spe
tral response of the photomultiplier tube R6091. Courtesy of Hama-matsu.where Sa, the anode luminous sensitivity, is the measured anode inten-sity for a given luminous 
ux �v, thus Sa = Ia=�v, and Sk is the 
ath-ode luminous sensitivity for a 
athode intensity of the same luminous 
ux;Sk = Ik=�v. The gain Gb of a PMT tube for a spe
i�
 wave-length is givenby Gb = SaSk � Skf (5.2)with Sa, Sk and Skf , the 
athode blue sensitivity index, as shown in Tab. 5.2.The gain at room temperature (25oC) for a wave-length of 430 nm (blue)is 7:48 � 105 for a power supply of 2000 V. The gain in
reases rapidly asa fun
tion of the applied voltage as illustrated in Fig. 5.5 and varies withtemperature, wave-length, and mean anode 
urrent.� Transit time: this is interval between the arrival of a light pulse at the
athode of the PMT and that of the 
orresponding 
urrent pulse at theanode. It is equal to 48 ns for the PMT used here.
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Figure 5.5: Standard R6091 Photomultiplier tube gain as a fun
tion of the powersupply. Courtesy of Hamamatsu.5.3.3 Flu
tuations of the SignalIn this se
tion we dis
uss the fa
tors whi
h 
ontribute to and limit the energyresolution of the 
alorimeter. The pre
ision with whi
h the energy of showeringparti
les 
an be measured is limited by:1. 
u
tuations in the 
as
ade pro
esses through whi
h the energy is degraded,2. the te
hnique 
hosen to measure the �nal produ
ts of the 
as
ade pro
esses.It 
orresponds here to the limit of resolution of the PMT.Traditionally the energy resolution �EE of 
alorimeters is parameterised withthe following relation: �EE = apE � b� 
E (5.3)where the sto
hasti
 term a 
orresponds to statisti
al 
u
tuations of the show-ers, the 
onstant term b depends on the quality of the dete
tor (
alibration anduniformity), the term 
 is the noise from the ele
troni
s.63



5.3.3.1 Sto
hasti
 TermA parti
le depositing an energy E in a 
rystal 
reates by s
intillation from anele
tromagneti
 shower many photons, from whi
h N � pN rea
h the PMT atthe end of the 
rystal.We obtain: �EE = 1pN (5.4)if � = EN is the mean energy ne
essary to 
reate a s
intillation photon then:�EE =r �E = apE (5.5)5.3.3.2 Constant TermThe uniformity of the response (longitudinal and lateral) of the 
rystals and the
alibration pre
ision are trans
ribed by the 
onstant term b. It in
ludes as wellthe leakage.If for an energy E, we obtain the signal s, then s = zE where z is the 
alibration
onstant. For un
orrelated variables z and E, the resolution on the signal ��ss �is given by error propagation��ss �2 = ��EE �2 + ��zz �2 (5.6)and using eq.5.5, the signal resolution be
omes�ss = apE � b (5.7)where the sto
hasti
 term a appears again as well as a 
onstant term b dependingon the resolution of the 
alibration 
onstant. This term sets the limit on theperforman
e at very high energies.
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5.3.3.3 Ele
troni
 NoiseEven in the absen
e of a showering parti
le, ele
troni
s generate (gaussian) noise.This noise has a dire
t e�e
t on the 
harge 
olle
tion at the end of the ele
troni
s.Sin
e the 
alorimeter measures the energy of showering parti
les in the same units,this noise term is equivalent to a 
ertain amount of 
alorimetri
 energy. Thus its
ontribution to the overall resolution s
ales like E�1. This 
omponent limits thelow energy performan
e of the 
alorimeter.5.3.3.4 Instrumental E�e
tThe statisti
al 
u
tuation of the 
harge multipli
ation within the PMT to thetotal sto
hasti
 term 
an be written:a = a1 � a2 (5.8)where a1 is the term 
oming from photostatisti
s in the 
rystal and a2 from thePMT 
u
tuations. Generally, a2 is dominant with respe
t to a1. The PMT
u
tuations are mainly due to radiation, temperature and gain instabilities. ThePETRA laser-wire 
ollaboration uses a dedi
ated high voltage supply Fluke 415Bwith an output stability of +/-0.0020%. The overall resolution of the dete
tor,in
luding 
rystals and the PMT, is summarised in the next se
tion.5.4 Performan
e of the CalorimeterThe performan
e of the 
alorimeter was 
he
ked in a test beam before and afterits use for the laser-wire experiments at PETRA. In the following se
tion thevarious tests are des
ribed.5.4.1 Testbeam at DESY IIThe dete
tor studies were undertaken at the DESY II test beam fa
ility. TheDESY II syn
hrotron is the positron inje
tor for the DORIS and PETRA ma-
hines and provides three parasiti
 ele
tron test beams numbered 21, 22 and 2465



[9℄. The studies undertaken on the dete
tor took pla
e using beam 24 for mostof the preliminary studies and then beam 22 for all the following experiments.The energy range of the beam is from 0.45 to 6 GeV with a maximum rate forele
trons of 1 kHz at 3 GeV. As shown on the layout in Fig. 5.6 the beam test 22is made up of several 
omponents. A 
arbon �bre target of 6-10 �m in diameterpositioned in DESY II; a 
onverter target; a bending magnet and two 
ollima-tors. The 
arbon �bre target is pla
ed in the 
ir
ulating beam of DESY II whi
hprodu
es a bremsstrahlung photon beam tangential to the initial ele
tron beam.The photons are then 
onverted to ele
tron-positron pairs by a 
opper 
onvertertarget. The magnet is set to allow only ele
trons with the desired energy throughtwo 
ollimators and thus into the experimental area. The �rst 
ollimator has anadjustable window width and the se
ond is a blo
k of lead with a hole of 1
m indiameter.
e−

Collimator

Magnet

ConverterCarbon Fiber

Target

DESY IIFigure 5.6: Layout of the beamtest 22 at DESY II. The ele
trons 
reated after 
onver-sion of gammas into pairs are de
e
ted by a magnet before going through the 
ollimator.
5.4.2 Installation at DESY IIThe dete
tor box was installed on a movable table in the beam axis as shown inFig. 5.7. Three plasti
 s
intillators, used as triggers, were interspa
ed betweenthe 
ollimator and the matrix. Two of the s
intillators were 
rossed and posi-tioned 0:8 m from the 
ollimator entran
e and de�ned an a
tive region of angle3:57 mrad. The third trigger, lo
ated 136 mm from the PbWO4 
rystals andused for the geometri
al studies detailed later on, redu
ed the sensitive area to66



the ele
tron beam at the matrix surfa
e to 0:08 
m2. Every time an ele
tron goesthrough two (or three) s
intillators it triggers the data a
quisition.
e −

(Adjustable)

Collimator

Aluminium structure

Photomultiplier

Crystal Matrix

Adjustable Table

Cross−Wire Scintillators

Figure 5.7: 3�Dimensional view of the experiment at the test beam.The analog signal from the dete
tor is sent to a 12 bit resolution fast PCI-ADC 
ard with maximum input voltage of �1 V whi
h is externally 
lo
ked bythe 
oin
iden
e signal of the s
intillators. The 
ard is based on a memory-boardwith a CMOS-stati
 ram of 10 mega-Bytes and a 10 mega-samples per se
ondADC-board. The overall ele
troni
s layout is shown in Fig. 5.8. The signal wasampli�ed, broadened by a 96 ns shaper and delayed to produ
e a pulse with lowvarying amplitude to be easily syn
hronised with the trigger pulse. An additionaldelay of 9 ns was applied to the signal to 
ompensate the internal delay of the
ard. Fig. 5.9 displays the mean output obtained from the 
ard for a �xed signaloriginating from the dete
tor.The pulses from the s
intillators were ampli�ed and sent to dis
riminators withthreshold set to 50mV to produ
e 80 ns logi
al signals and their 
oin
iden
e usedto provide a TTL 
lo
k signal for the PCI-ADC 
ard.Two identi
al PCI-ADC 
ards were used. The digital response of the 
ardswith respe
t to known voltages was investigated as shown in Fig. 5.10 for the se
-ond 
ard and is given in terms of ADC 
ounts/mV in the Tab. 5.3. It shows that
ards number one and two have a respe
tive digital resolution of 2.048 and 1.3967
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0 2 4 6 8 10 12 14Figure 5.9: Mean output in arbitrary units (a.u.) versus the delay applied to a signaloriginating from the dete
tor.ADC 
ounts/mV. The �rst 
ard was destroyed during ba
kground tests at PE-TRA and only the se
ond 
ard was in use for the 
onse
utive laser s
an measure-ments. This later 
ard had an inner pedestal due to mis
alibration adjustementwhi
h prevented a sensitivity of 2.048 ADC 
ounts/mV.
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Card Number Digital Response[ADC 
ounts/mV℄1 2.0482 1.39Table 5.3: Digital response of the two PCI-ADC 
ards used for the PETRA laser-wire.
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150 200 250 300 350 400 450 500 550 600Figure 5.10: Digital response versus the input voltage of the PCI-ADC 
ard used forthe se
ond 
alibration. The slope of the digital response fun
tion of the se
ond 
ardwas found to be 1.39 ADC 
ounts/mV.5.4.3 Preliminary StudiesPrior to investigating the energy resolution of the �nal dete
tor used at thelaser-wire experiment, a number of preliminary studies des
ribed below were per-formed.� Individual CrystalsTen 
rystals were individually tested with a 3 GeV ele
tron beam in orderto 
he
k their energy response and sele
t appropriately the 9 
rystals tobe used in the �nal matrix. Ea
h 
rystal was 
onne
ted to a HamamatsuR560 PMT. The measured voltage spe
trum from the energy deposit of anin
oming ele
tron, as shown in Fig. 5.11 for 
rystal number 2, was �tted toa double gaussian to obtain the width of the peak and its mean. Fig. 5.1269



displays the result of the peak width versus the peak mean voltage forea
h 
rystal. The results did not fail any 
rystal: all gave a similar energyresponse, with not more than 4% of di�eren
e for any 
rystal. A moredetailed study is available in [7℄.

Figure 5.11: Voltage distribution for 
rystal number 2 and its double gaussian �t.

Figure 5.12: The peak width � in volt versus the peak mean voltage for ea
h 
rystal.� Temperature studiesPbWO4 s
intillators have a relatively high temperature dependen
e of lightyield due mainly to strong thermal quen
hing [1℄. The 
rystals' output vari-ations with temperature were studied and their response to a �xed 2 GeV70



ele
tron beam was 
he
ked. Temperature measurements were performedwith a linear PT100 sensor atta
hed to the surfa
e of the 
rystals. The box
ontaining the 
rystals was �rst heated and maintained at a temperature of24�0.1oC and then brought to the 
ooler test beam area, where the temper-ature was measured to be 18�0.1oC. The 
rystals and PMT were en
losedin prote
tive foam within the light tight box whi
h ensured a slow de
reaseof temperature and so maintained homogeneity of temperature throughoutthe dete
tor. The dete
tor response to temperature 
hange is displayedin Fig. 5.13. The response data are well �tted by a quadrati
 fun
tion.The temperature 
oeÆ
ient de�ned as �[%=oC℄ = do=dT is 
al
ulated tobe �2:7%/oC at 20oC and de
reases to �1%/oC at 22oC. do 
orrespondsto the di�eren
e in output for the temperature range dT . Thus, the highertemperature of the dete
tor, the lower the temperature 
u
tuations a�e
tthe response. This e�e
t has also been observed within the CMS leadtungstate study group where it was shown that, for the light yield, theabsolute value of the temperature 
oeÆ
ient keeps de
reasing up to 51oC[6℄. For the present 
alorimeter, it is assumed that the variation 
oeÆ
ientis below 1%=oC for temperatures higher than 24oC, whi
h is roughly thetemperature in the PETRA tunnel as dis
ussed in Se
. 5.5.5. The resultsshow as well that to gain in sensitivity (+10%) a 
ooling system would bene
essary. However the dete
tor response is already good enough for thepurpose of the laser-wire experiment.5.4.4 Performan
eTests were performed on the 
alorimeter prior to and after its use at PETRA.Both performan
es obtained at DESY II are presented below. The �rst testswere done before any installation at the PETRA beamline and were performedat 1145 V. The se
ond dete
tor tests were done after its use for the �rst laser s
anwith the same experimental 
onditions as used at PETRA i.e. with a 
alorimeterpower supply of 2115 V. It was expe
ted that a voltage supply of 1145 V would71
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Figure 5.13: Response of the dete
tor for temperature range from 24 to 18oC.be suÆ
ient for the s
an measurements at PETRA, thus the pre-installation testwere performed at this voltage. However the amount of material in front of thedete
tor and the degradation of its photo
athode ne
essitated 2145 V of powersupply to 
olle
t an adequate output signal. The amplitude of the analog signalwas re
orded at ea
h bun
h 
rossing to form a spe
trum as shown in Fig. 5.14(a),together with its gaussian �t. Fig. 5.14(b) shows the results of the mean value as afun
tion of the beam energy. The test points out that the energy leakage, if thereis any, does not in
rease within the energy range studied and that the 
alorimeteris not saturating at 1145 V. However, the se
ond test indi
ates at 2115 V that thesignal versus the in
oming energy is not any more linear for energies higher than3 GeV. A linear �t a

ording to V [Volt℄ = avE[GeV℄ + bv below 3 GeV for these
ond 
alibration and on the full range for the �rst 
alibration gives the resultsdisplayed in Tab. 5.4. The �t results suggest that the signal at 2115 V is tentimes the signal at 1145 V, whereas from the standard gain 
urve (Fig. 5.5) it isexpe
ted to be approximately 160. In addition the se
ond 
alibration illustratesthat photons of energy at least 4.4 MeV are ne
essary to obtain a positive outputvoltage at the PMT. These results indi
ated a degradation of the 
alorimeter.The dismantling of the dete
tor revealed a darkened photo
athode window dueto radiation damage. 72
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al signal and pedestal ADC spe
trum at the beam test and
alibration plot of voltage versus energy. The signal measurement is triggered bythe s
intillators 
oin
iden
e and the pedestal measurement by random noise.Test number av bv [10�3℄1 0.130 � 0.01 0.0322 � 0.0032 1.324 � 0.014 -5.59 � 0.02Table 5.4: Results of the linear �t of the Voltage [V℄ versus the beam Energy [GeV℄.The experimental energy resolution of the matrix was measured and �t a
-
ording to �EE =r( 
E )2 + ( apE )2 + b2 (5.9)The resulting parameters are given in Tab. 5.5 and Fig. 5.15 shows the �t with
 the instrumental error (noise and pedestal width), a the resolution due tostatisti
al 
u
tuation in the PMT and 
rystals, and b the 
alibration and non-uniformities error. At 6 GeV, the energy resolution of the dete
tor is approx-imately 5:4 % and at 0:8 GeV it is 14:5 % for PMT power supply of 1145 V.However at 2115 V, the ele
troni
s noise is in
reased and the resolution is 23 %73



Power Supply [V℄ 1145 2115parameter mean value error mean value error
 (ele
troni
) 0.102 0.006 0.177 0.003a (sto
hasti
) 0.067 0.003 0.0094 0.0002b (uniformity) 0.034 0.002 0.0014 0.0003Table 5.5: Fitting parameters for the energy resolution.
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Figure 5.15: Energy resolution of a 3 by 3 matrix made of 18� 18� 150 mm PbWO4
rystals for PMT power supply of 1145 V and 2115 V.at 0.8 GeV.5.4.5 Geometri
al Response of the Dete
torThe response of the dete
tor to the relative position of the in
oming ele
tronbeam was determined using a �xed beam energy of 3 GeV, the energy at whi
hthe 
ux of ele
trons from DESY II is a maximum. The table supporting thebox was moved verti
ally. Between ea
h set of measurements, the pedestal wasmeasured. It was then subtra
ted from the signal. The pedestal varies by about74



8 % over a few hours. One s
an, at the horizontal 
entre of the matrix, is shownin Fig. 5.16 with the signal only. The horizontal lines are the boundaries of the
rystals. It indi
ates a plateau for the middle 
rystal and shows as well the nonuniform behaviour of the matrix response (
ombination of PMT, opti
al greaseand 
rystal eÆ
ien
y).
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Figure 5.16: Signal and pedestal as a fun
tion of the verti
al position of the matrixwith respe
t to the beam axis. Horizontal lines 
orrespond to the edges of the 
rystals.The Compton signal in PETRA has a fan of 1
e approximately 1 where 
estands for the Lorentz fa
tor of the ele
tron beam, negle
ting the bun
h angularphase spa
e, so the region illuminated is approximately 0:025 mm2 for an ele
tronbeam of 4.5 GeV. Taking into a

ount 145 mm of aluminium thi
kness in frontof the dete
tor in
reases this region to 1 
m2 15 m downstream. Measurementswere thus 
on
entrated in the region of the 
entral 
rystal and a s
an in x � ywas performed every 2: mm in 
ontrast to the previous study where x was �xedand y was moved a

ross the whole matrix. The results are shown in Fig. 5.17.The 
rossing of a verti
al and horizontal line 
orrespond to a data point. The
ontours show the same level of dete
tor response, interpolated from the datapoints.A plateau is observed around a 
entral area of 10 mm of diameter with the1�=0.04 is negle
ted in this approximation of the fan equation of Se
. 4.5.75



106

108

110

112

114

116

118

116 117 118 119 120 121 122 123 124 125 126

18 mm

V
er

ti
ca

l P
os

it
io

n 
(m

m
)

Horizontal Position (mm)

In
it

ia
l p

ho
to

n 
fa

n

Signal Level (a.u.)

Detector plane

Region Of Interest

Figure 5.17: Mapping of the 
alorimeter in its 
entral region.signal varying not more than 10 %. The plot shows as well that the maximumresponse of the dete
tor is slightly o� 
entered by a few mm 
ompared with thegeometri
al 
entre of the matrix.5.5 Installation at PETRA5.5.1 OverviewAs des
ribed in Chap. 4.7, lo
ation 1 was 
hosen for the installation of the exper-iment. Thus the laser is installed approximately 15 m away in a laser hut outsidethe PETRA tunnel as displayed in Fig. 5.18. An a

ess pipe 
onne
ts the tunnelof PETRA and the laser hut where the laser system is based.5.5.2 LaserThe laser used for the laser-wire experiment is a Quantel YG580 model Q-swit
hed system, whi
h provides short, high-energy pulses rather than 
ontinuouswave operation. The system is based on an Yttrium-Aluminum-Garnet 
rystaldoped with Neodymium (Nd:YAG) ampli�er originally used at CERN for thepolarimeter at the LEP ma
hine. It provides a green laser with wave-length 53276



Figure 5.18: S
hemati
 view of the beam laser path from the laser hut to the PETRAtunnel.nm. Green light is 
hosen for this experiment be
ause its shorter wave-lengthenables smaller spot sizes to be a
hieved, and it is easer to set up and managethan infra-red.5.5.2.1 Laser TransportThe laser light is transported from the laser hut to the IP at PETRA throughvarious opti
s as shown in Fig. 5.19. To redu
e the systemati
s from the un
er-tainties in the laser beam spot size, the laser beam transverse size at the IP hasto be reasonable (about a third) 
ompared to the positron beam size it s
ans; the�nal spot size is determined by the fo
al length of the last lens, over the inputbeam radius. To provide the input beam with a known size at the last lens, ateles
ope made of two fo
using lenses, 10 m apart, is used. Between the teles
opeand the last lens right in front of the viewport a mirror atta
hed to a piezo ele
tri
tilting a
tuator is used to modify the dire
tion of the photon beam and so adjustthe relative position of the laser beam with respe
t to the positron beam. Its s
anrange is 0-2 mrad, and the a
tuator is at one end of its range when no voltageis applied. Fig. 5.20 shows the laser path in the hut and Fig. 5.21 displays theopti
s in the tunnel before the light rea
hes the IP 
hamber. On the other sideof the viewport a Charged Coupled Devi
e (CCD) 
amera is installed whi
h isused to measure the photon beam size and position of the laser spot.77
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Figure 5.19: Layout of the opti
al path from the laser hut to the PETRA tunnel.

Figure 5.20: The light path in the hut transported from the laser to the a

ess pipeof PETRA.5.5.2.2 Parameters of the LaserThe longitudunal pro�le of the laser is measured using a streak 
amera with 5 pstime resolution. The data revealed a pulse length of �t=12.5 ns full width athalf maximum with a sub-stru
ture of 70 ps peak to peak, shown in Fig. 5.22.This sub-stru
ture is due to mode-beating of di�erent longitudinal modes. It
auses the Compton signal amplitude to vary between zero and full signal for78



Figure 5.21: Close-up view of the laser path before the intera
tion 
hamber in thePETRA tunnel. The piezo a
tuator is the top left opti
al system.di�erent laser shots. The transverse size of the laser at the intera
tion point and

Figure 5.22: The laser longitudinal pro�le measured with a streak 
amera.its position is needed as input in Eq. 4.4. A CCD 
amera lo
ated on a tra
kingrail is moved longitudinally through the waist of the laser and the beam size ismeasured at ea
h point. A �t of the beam waist measurement as a fun
tion ofthe position z of the 
amera with respe
t to the distan
e to the �nal fo
us lens79




an be performed with the following equation� = �0 "1 + � zzR�2#1=2 (5.10)where the Rayleigh range is zR = 4��20�M2 , with � the laser wave-length, M2 themode quality index whi
h quanti�es the di�eren
e between an a
tual beam anda Gaussian beam. The result of the �t gives a minimum waist of �0 = 35� 1 �mwith M2 = 7:6�0.4 and a rayleigh range of 3807 �m.To 
he
k the displa
ement of the laser spot at the intera
tion point, a beamsplitter is interspa
ed between the piezo s
anning mirror and the �nal fo
us lensand part of the laser beam is redire
ted through a lens, similar to the one at the�nal fo
us, and on to a CCD 
amera.The laser spot position at the intera
tion point is modi�ed for ea
h step ofthe piezo-s
anning mirror to whi
h a spe
i�
 voltage from 0 to 10 V is appliedand ampli�ed by a fa
tor 10. The s
anning step is 62.5 mm/V at the IP.5.5.3 Signal AvailableVarious signals are available in the laser hut, whi
h give a measurement of the
rossing time of the laser and positron beam and their respe
tive position; theyalso provide a trigger for both the laser and the data a
quisition system as indi-
ated in the signal path diagram of Fig. 5.23. The referen
e time is taken from thePIT (PETRA Integrated Time) signal and 
orresponds to the revolution 
lo
k ofa bun
h 
ir
ulating within PETRA (� 131 kHz). This referen
e time providesthe trigger for a Versa Module Europa (VME) system whi
h in turn sends therequired signals to the laser for the beginning of its 
harge, the laser pumpinga
tion and the Q-swit
hing whi
h starts the release of the laser beam. The laseroperates at a maximum frequen
y of 30 Hz, whi
h is �xed by the VME systemto o

ur between the PIT signal from a sele
ted bun
h (PITY) and the followingPIT signal (PITE), delayed by 96 ns. A beam position monitor (BPM) stationeddownstream and very 
lose to the IP provides the positron beam position.80



In addition, a photodiode with rise time of 1 ns is lo
ated 
lose to the inter-a
tion point and serves as a trigger signal for the PCI-ADC 
ard. The positivesignal from the photodiode is thus ampli�ed to 150 mV and then 
onverted to aTTL signal usable by the PCI-ADC trigger.

Figure 5.23: Path diagram for the various signals 
olle
ted at the laser hut. The DAQsystem repla
es the os
illos
ope.
5.5.4 Dete
tor Installation PositionThe Compton s
attered photons travel in a straight line while the positrons arebent by a dipole. Thus the dete
tor has to be positioned after the magnet, in thedire
tion of the photons. The 
alorimeter is installed on a stand at the height ofthe 
entre of the beampipe, approximately 14.83 m away of the IP. The horizontalalignment of the 
alorimeter was performed using the position of the 
entre ofthe viewport and two quadrupoles surrounding the IP. The positron beam is notbent away by a quadrupole but only fo
used and goes through its 
enter. Thusthe quadrupoles 
an be used to geometri
ally de�ne the position of the beam andthe dire
tion of the s
attered Compton photons.
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5.5.5 The PETRA Environment� Temperature in PETRATemperature measurements were performed over 10 days of PETRA run-ning. The range of temperature at the dete
tor lo
ation was measured toin
rease from 24 to 26oC over 8 hours of running when only leptons are 
ir-
ulating. As seen earlier, this range of temperature, is expe
ted to modifythe dete
tor response by less than 1%.� RadiationRadiation measurements in the PETRA tunnel and at the lo
ation of thedete
tor were performed. They show an unusually high radiation level atthe dete
tor lo
ation, of the order of 76 Gy, 
ompared to other positionsin the PETRA tunnel, of approximately 10 Gy. This radiation level is notforesseen to be problemati
 for the 
rystals of the 
alorimeter although itdegrades the resolution of the dete
tor mainly be
ause the photo
athodewindow of the PMT be
omes brown, as des
ribed in Se
. 5.4.4.� Beam IntensityThe intensity of the beam is proportional to the number of positrons ina bun
h. It de
reases with time be
ause of beam loses due to SR andbremsstrahlung as dis
ussed in the previous 
hapter. It 
an be well �ttedwith a simple exponential evolving with timeI = exp (A+Bt) (5.11)where I is the intensity in mA and t is the time in hours and A andB, are thenormalising parameters. The measured intensities during the measurementsat PETRA are shown in Fig. 5.24 and the �tted values of A and B are givenin Tab. 5.6.
82



A BLow 
urrent 2.96 �0.01 -5.23 10�2 �0.01 10�2High 
urrent 4.87 �0.01 -6.02 10�2 �0.01 10�2Table 5.6: Fit parameters for the low and high 
urrent in PETRA positron beams.
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Figure 5.24: Positron 
urrent during the measurements at PETRA. Low 
urrent datataking started with 
urrent of 7.5 mA and the high 
urrent data taking started with40.5 mA.5.6 Finding the SignalDue to di�ering beam orbits, the positron bun
h 
an move by a few mm atthe IP whereas the s
anning range for the laser is limited to approximately 600�m. The positron bun
h must thus be steered with an orbit bump in order tointerse
t the laser beam and, on
e the signal is obtained on the dete
tor, thePETRA orbit bump parameters are stored and the setting is �xed. Fig. 5.26shows the os
illos
ope display when the intera
tion o

urs and when the laser iso� (Fig. 5.25).
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Figure 5.25: Display of the os
illos
ope with the laser o� with 
hannel 1 (C1) theQ-swit
h, C2 the signal from the photodiode at the IP and C3 the 
alorimeter signal.

Figure 5.26: Display of the os
illos
ope with the laser on with C1 the Q-swit
h, C2the signal from the photodiode at the IP and C3 the 
alorimeter signal.5.7 S
anning with the Laser - Results at PE-TRAThe positron orbit bump being �xed, the laser is then steered in 31.5 �m verti
alsteps at the IP by tilting the mirror atta
hed to the piezo a
tuator. 20 s
an pointsare taken, ea
h at a di�erent position and ea
h with at least 5000 bun
h 
rossings.84



One s
an point 
orresponds approximately to 3 minutes of measurements. Thespe
trum of the measurements is then re
orded.Full s
an measurements were performed at PETRA for a 7 GeV positronbeam, with two di�erent 
urrents as dis
ussed in Se
. 5.5.5. Fig. 5.27 displaysthe raw ADC spe
trum at ea
h s
an point for low 
urrent and Fig. 5.28 thespe
trum for high 
urrent. They illustrate how the spe
trum is modi�ed with thes
an position of the laser. A peak is observed in ea
h plot 
orresponding to thepedestal, whi
h is present even if no Compton photons rea
h the dete
tor. Asthe laser is stepped a
ross the positron bun
h, the number of events with ADC
ount higher than the pedestal in
reases to a maximum and then de
reases.5.7.1 Preliminary AnalysisPreliminary studies on the s
an results taken at ea
h position of the piezo-drivenlaser s
anner are detailed below. The study is �rst fo
used on the pedestal.The pedestal o

urs when the bun
h 
rossing at the IP triggers the ADCreading and no energy is deposited in the 
rystals. Only the ele
troni
 noise isthen re
orded and appears as a gaussian distributed spe
trum due to statisti
al
u
tuations.Fig. 5.29 displays the ADC 
ount of the pedestal for a typi
al s
an pointversus the event number. By dividing ea
h s
an point into samples of 500 events,the mean value of the pedestal of the 
onsidered sample 
an be obtained from agaussian �t to the peak. The pedestal was then substra
ted for ea
h sample.5.7.2 Energy Spe
trum and Event Sele
tion - S
anThe 
onversion of the spe
trum from ADC 
ounts to energy spe
trum is per-formed using the se
ond test beam 
alibration as dis
ussed in Se
. 5.4.4 and
orresponds to E[GeV℄ = ADC 
ount� b
a
 (5.12)85
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trum for ea
h s
an point for low 
urrent positron beam.with b
 = bv=R
, a
 = av=R
 and the slope of the digital response fun
tionR
 = 1:39 10�3 ADC 
ount/V. Fig. 5.30 illustrates the result of the 
alibrationapplied to two typi
al spe
trums for high and low 
urrent. A 
ut on the pedestalis applied at three sigma of the mean of its gaussian �t 
orresponding to 20 MeVapproximately. All events with energies higher than the 
ut are a

epted andadded to form the signal amplitude.
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Figure 5.28: Raw spe
trum for ea
h s
an point for high 
urrent positron beam.5.8 AnalysisAs dis
ussed in Se
. 4.4, the amplitude of the signal versus the relative positionof both beam forms a gaussian. The �t has to take into a

ount the de
reaseof the number of ele
trons in the bun
h due to beam lifetime, whi
h follows anexponential slope as dis
ussed in Se
. 5.5.5. The �t using a gaussian fun
tionadded to an exponential is given in Tab. 5.7. The positron bun
h verti
al size
an hen
e be 
al
ulated using �ey =q�2fit � �2laser with �laser = 35 �m.
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Figure 5.30: Signal spe
trum at PETRA for high and low 
urrent.Thus, the overall measurements are for high 
urrent�ey = 88:4 � 3:3 � 16: �m (5.13)And for low 
urrent �ey = 65:3 � 1:9 � 16: �m (5.14)where the �rst error is derived from the propagation of the errors on the laserbeam size and the se
ond is systemati
 error arising from the piezo attenuatorposition errors. Fig. 5.31 for the low 
urrent and Fig. 5.32 for the high 
urrentdisplay the results of the �t. Ea
h dot 
orresponds to the mean of ten samples88



Current �2 �fit[�m℄ ��fit �ey ��eyhigh 0.51 95.1 2.3 88.4 3.3low 0.72 74.1 1.6 65.3 1.9.Table 5.7: Fit result for low and high 
urrent.and the mean errors �Nm 
al
ulated with�Nm = �Nkpnbs = 1pnbsvuut nbsXk=1 (Nk �Nm)2nbs � 1 (5.15)with nbs the total number of samples, the entry Nk for ea
h sample and Nm themean over the samples at a s
an point.
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ted signal as a fun
tion of s
an position for the low
urrent beam.5.8.1 PETRA Opti
sThe beam size 
an be 
al
ulated from ma
hine opti
s 
onsiderations using theknown beam emittan
e and betatron fun
tion 
lose to the lo
ation of the laser-wire IP as �ey = p�y�y. The 
al
ulation gives a beam size of 96 �m with theemittan
e �y = 0:46 nm rad and betatron fun
tion �y = 20 m whi
h is 
omparableto the measured beam size obtained with the laser-wire. A possible explanation89
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ted signal as a fun
tion of s
an position for the high
urrent beam.of the di�eren
e of the measurements between low and high 
urrent would bethe fa
t that a dispersion e�e
t, proportional to the momentum spread, would begreater when using the high 
urrent beam [10℄. The momentum spread at higher
urrent would be in
reased to �pp = 10�3 and the transverse beam size would be� =s��y + �D�pp �2 (5.16)where D is the momentum dispersion fun
tion de�ned by the dipoles and quadrupolesand is equal to 50 mm. The beam size would then in
rease by 50 �m in quadra-ture, leading to a positron beam size of 108 �m.5.9 Con
lusionA study of the PETRA laser-wire lead-tungstate 
rystal dete
tor was performed,in
luding a full beam test and measurements of its temperature dependan
e andgeometri
al response. In parti
ular a 
alibration of its energy response was per-formed. The �rst s
ans of the positron beam at PETRA with a laser-wire, were
arried out and measurements of the transverse size of the PETRA positron bun
htaken for the �rst time by this te
hnique.90
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Chapter 6
Fast Luminosity Spe
trumMeasurement at the ILC
For high energy physi
s, key a

elerator parameters are the 
entre of mass energyand the luminosity. Rea
hing the highest 
entre of mass energy is important asit sets the mass s
ale at whi
h parti
les 
an be 
reated. This plays an importantrole when sear
hing for new dis
overies. But studying parti
les 
an only bepossible if a large number of these are 
reated, and for this a high luminosity isrequired. In view of the physi
s needs dis
ussed in Chap. 1, it is 
ru
ial to obtainpre
ise measurements of both the luminosity and the luminosity spe
trum, thedi�erential luminosity with respe
t to the e�e
tive 
entre-of-mass energy. Theaim in the present 
hapter is to provide a fast measurement of the luminosityspe
trum using data a

umulated within a few hours for the purpose of ma
hinetuning. This implies the need to use a large 
ross-se
tion physi
s pro
ess su
h asBhabha s
attering and a method 
alled unfolding.6.1 De�nition of LuminosityLuminosity for 
ollider experiments is de�ned byL = f
N2bA (6.1)92



where f
 is the mean bun
h frequen
y, Nb is the number of parti
les per bun
h,assumed here to be equal in both beams, and A is the e�e
tive overall area of
ollision at the intera
tion point. In other words, the higher the frequen
y, andthe more parti
les there are for a given area, the higher is the luminosity.The luminosity 
orresponds to the 
onstant relating the event rate to the
ross-se
tion of a parti
ular pro
ess as shown in the equation belowdNdt = L � � (6.2)By integrating over time, the luminosity gives the number of events 
reated fora given pro
ess. Thus it is usually a very big value and is expressed in termsof barns or in 
m�2.(1) For TESLA, the designed instantaneous luminosity is3.4 1034 
m�2s�1. In pra
ti
e, experimental 
ross-se
tions are 
al
ulated by usingthe inverse of the previous equation and integrating over time� = 1L �N (6.3)The luminosity of a 
ollider depends strongly on ma
hine parameters as des
ribedin se
tion 4.1. The 
orresponding un
ertainties are unsatisfa
tory 
ompared tothe high experimental a

ura
y required. The luminosity is thus monitored byadopting a di�erent strategy using the relationL = 1�known �N (6.4)where the 
ross-se
tion �known 
an be 
omputed to an extremely high theoreti
ala

ura
y at a given 
entre of mass energy. The luminosity is then used to obtainthe experimental 
ross-se
tion of other pro
esses. The determination of the lu-minosity is thus an essential point. The pro
ess used to determine the luminosityat the ILC in the following se
tion is Bhabha s
attering e+e�!e+e� at smallangle and is presented below in se
 6.3. However the 
ross-se
tion is dependenton whi
h 
entre of mass energy (ps) the pro
ess o

urs and a 
areful study ofthe ps distribution has to be performed. It is dis
ussed in the next se
tion.11 barn=10�24 
m�2 93



6.2 Centre of Mass Energy DistributionThe 
entre of mass energy sqrts is the addition of the energy of the two in
omingparti
les (E1 and E2) whi
h 
ollide. A smearing of the 
entre of mass energy 
ano

ur via various pro
esses outlined below:1. Beam energy spread, whi
h is ma
hine dependent. It is usually very low asdis
ussed in Se
. 6.2.1,2. Beamstrahlung. When the beams 
ollide, beam beam e�e
ts 
ause theprodu
tion of beamstrahlung. This radiation degrades in a non negligibleway the nominal 
entre of mass energy ps0.The various 
ontributions to the ele
tron energy distribution are displayedin Fig 6.1, in
luding the 
ontribution of QED pro
esses only. It is similar forpositrons but with a smaller beam energy spread.
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Figure 6.1: Contributions to the ele
tron energy distribution: QED pro
esses in
ludingISR, beamstrahlung and beam energy spread.
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6.2.1 Beam Energy SpreadThe relative beam energy spread before 
ollision is normally a small fra
tion ofa per
ent and is mu
h smaller than the e�e
t of beamstrahlung. Nonetheless ithas to be taken into a

ount as it modi�es the 
entre of mass energy before theintera
tion takes pla
e. Beam dynami
s simulations and analyti
al 
al
ulation
an be used to estimate the beam energy spread.The initial relative beam energy spread, of 0:03%, is mostly due to the bun
h
ompressor at 4.6 GeV, before the main lina
, and be
omes 0:055% when a

el-erated to 250 GeV. Within the lina
 the main 
ontribution indu
ing an energyspread is the wake�eld e�e
t: a bun
h of parti
les, traveling through a stru
turewith a transverse axis o�set with respe
t to the stru
ture axis indu
es ele
tro-magneti
 �elds that a
t ba
k on the beam. In the so 
alled short-range wake�eld,the ele
tromagneti
 �elds from the head of the bun
h de
e
t the tail of the bun
hwhereas long-range wake�elds are 
reated by earlier bun
hes de
e
ting the laterones. The transverse wake�eld is given by [3℄:WT = 2p2Z0
a3� pgs (6.5)where a is the hole aperture in the stru
ture whi
h s
ales in pra
ti
e as theinverse of the RF-frequen
y, s is the longitudinal position in the stru
ture, g thelength of the 
avity gap and Z0 is the transverse impedan
e. Thus the wake�elds,being proportional to the (RF-frequen
y)3 of the a

elerator, 
an be kept low by
hoosing a low frequen
y.For the ele
trons, a supplementary beam energy spread within a bun
h 
omesmainly from the undulator lo
ated upstream of the intera
tion point. The un-dulator 
auses the ele
tron beam energy to in
rease from 0:055% to 0:15%. Forthe positrons the main origin of beam energy dilution is from the Positron Pre-A

elerator (PPA) whose purpose is to provide a maximum 
apture eÆ
ien
y ofthe emerging positron beam from the target behind the undulator [17℄.The overall intra-bun
h beam energy spread is outlined in Tab 6.1 for both
entre of mass energies 500 GeV and 800 GeV. It is approximately two times95



Centre of mass energy [GeV℄ Energy spread �EE [%℄positron ele
tron500 0.07 0.15800 0.07 0.15Table 6.1: TESLA energy spread for the ele
tron and positron beams at 500 GeV and800 GeV [6℄. Ele
trons have a larger energy spread after passing through the positronsour
e wiggler.higher for ele
trons than for positrons. Fig. 6.2 displays the respe
tive ele
tronand positron pre-
ollision energy beam spread for TESLA - 500 GeV as obtainedby Matliar fortran pa
kage [8℄ to simulate the beam transport from the gun tothe intera
tion point. The spread 
an be �tted for the 
old te
hnology 
hoi
esu
h as TESLA with a gaussian.
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Figure 6.2: Beam energy spread of ele
tron and positron as obtained with Matliar(File 
ourtesy of Timothy Barklow - SLAC).
6.2.2 BeamstrahlungFor the required size of the beams, ele
trons and positrons within opposite beamsmay lose their energy via the beamstrahlung pro
esses. Beamstrahlung is a type96



of ele
tromagneti
 radiation emitted by a parti
le of the �rst beam de
e
ted bythe 
olle
tive �eld of the parti
les of the se
ond beam as displayed in Fig 6.3.The ele
tron loses part of its energy before 
ollision. As a 
onsequen
e the 
entreof mass energy 
an not be assumed mono
hromati
. This leads to the energyspe
trum shown in Fig 6.1 with a tail at low energy.
e−

e+ bunch

photon

This electron loses a part of its energy before collision

e+

Figure 6.3: S
hemati
 pro
ess of beamstrahlung.The Lorentz invariant dimensionless parameter � is used to 
ompute thebeamstrahlung. It gives a measure of the �eld strength in the ele
tron's restframe. � = e~m2e
4 (p�F ��p�F��)1=2 (6.6)where p� is the four momentum of the parti
le and F�� is the mean energymomentum stress tensor of the beam �eld. For a beam with a gaussian 
hargedistribution the average value of the � parameter 
an be expressed using thefollowing equation < � >= 56 Ner2e
e�(��x + ��y)��z (6.7)with re the 
lassi
al ele
tron radius, 
e the Lorentz fa
tor Ebeam=me, Ne thenumber of parti
les per bun
h and ��x, ��y , ��z respe
tively the horizontal, verti
aland longitudinal beam size at the IP. They are given in Tab. 3.1 and lead to�=0.035 for a TESLA 
ase at 500 GeV and �=0.084 at 800 GeV.The maximum beam �eld 
orresponds to a maximum �max, whi
h is relatedto the mean value by �max = 125 < � > (6.8)In prin
iple, all beamstrahlung e�e
ts should be 
al
ulated lo
ally, and integrated97



over the beam 
ross-se
tion. However, the global beamstrahlung parameter asgiven in Equ. 6.6 is often adequate [13℄.An important physi
al parameter is the average fra
tional beam energy lossfrom beamstrahlung and is given approximately [14℄ byÆBS � 0:86 r3eN2e 
e�z(��x + ��y)2 (6.9)Thus the energy loss ÆBS is �xed by the geometry of the beams and 
hoosing a��x � ��y gives a ÆBS whi
h is independent of the verti
al beam size. ÆBS is 3.2%for the 500 GeV ma
hine. Simultaneously, the luminosity 
an be in
reased bymaking ��y as small as possible.6.2.3 Beamstrahlung GenerationThe simulation 
ode Guinea-Pig [9℄ 
omputes the beam �elds a

ording to a

el-erator spe
i�
ations and simulates various pro
esses su
h as beamstrahlung andpair 
reation, but it requires too mu
h 
omputer time and memory for dire
tuse in physi
s generators. CIRCE-1.0 [11℄ is the basi
 pa
kage used to generatebeamstrahlung for physi
s analyses. It provides a parameterisation of Guinea-Pigresults and it is thus mu
h faster. CIRCE parameterises the e� energy probabilitydistribution De� a

ording to the following equationDe� = a0Æ(1� x) + a1xa2(1� x)a3 (6.10)where a1 is a normalising parameter and the three other ak parameters de�ne thedistribution. The distribution is normalised su
h that the integral is equal to 1.CIRCE provides the set of parameters ak, given as input the a

elerator type andrevision date. In the following, the version 7 of TESLA with the revision number2000�04�26 is used and 
orresponds to the ma
hine parameter given in Tab 3.1.CIRCE 
omputes, for the ele
tron and positron, a fra
tion xe� of their nominalenergy whi
h is 250 GeV for TESLA-500 GeV 
ase. The energy distributionobtained for three nominal 
entre of mass energies of the TESLA design is shownin Fig. 6.4. For the statisti
s used here, it shows that the beamstrahlung tail
eases at a di�erent level for ea
h 
entre of mass energy and, for ps0=500 GeV,98



a0 0.51288a2 9.9716a3 -0.62850Table 6.2: Initial ak beamstrahlung parameters for TESLA at a 
entre of mass of500 GeV.it ends at approximately 59% of ps0. A modi�
ation of the initial parameters
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S0Figure 6.4: Probability density fun
tion of ps=ps0 with beamstrahlung only for vari-ous nominal 
entre of mass energies, as provided by beamstrahlung generator (CIRCE).for a sele
ted a

elerator, as given in Tab. 6.2 for TESLA with a 
entre of massof 500 GeV, leads to the energy distribution displayed in Fig. 6.5. It displays thevariation of the spe
trum for a shift of 20% from the initial parameters a0, a2,a3 and illustrates that the major spe
trum modi�
ations o

ur at high energy.Ea
h parameters are modi�ed separately.
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Figure 6.5: Di�eren
e in the energy distribution for parameters shifted separately by20% from the initial TESLA 500 GeV CIRCE parameters a0, a2 and a3.6.3 Bhabha S
atteringThe main reasons why Bhabha s
attering at small angle is used to determine theluminosity are as follows:1. The Bhabha s
attering is a QED pro
ess whi
h 
an easily be 
al
ulated tohigh pre
ision in
luding several order loops. It is foreseen that a theoreti
alpre
ision on the Bhabha 
ross-se
tion of 2 10�4 will be rea
hed for the ILC.2. The 
ross-se
tion is large and its di�erential 
ross-se
tion in
reases at smalls
attering angles (Fig. 6.6). Thus the statisti
al error on the number ofevents dete
ted is low.3. The dete
tion of the �nal state 
an be performed via relatively simple sys-tems su
h as 
alorimetry, des
ribed in Chap. 3.6.3.1 TheoryBhabha s
attering is the name of the pro
ess leading to an ele
tron-positron pairvia the intera
tion of another su
h pair. Its 
ross-se
tion was �rst 
al
ulated in100



cos θFigure 6.6: Di�erential tree level Bhabha 
ross-se
tion at 500 GeV as a fun
tion ofthe angle as 
al
ulated with the CompHep-33 pa
kage [4℄.1935 by H.J.Bhabha [1℄, and the tree-level s
attering 
an be des
ribed by theFeynman diagrams of Fig. 6.7
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hannelFigure 6.7: Tree-level Bhabha Feynman diagram.The diagram of Fig.6.7(a) with the annihilation of the ele
tron-positron pairand 
reation of a new one via photon or Z-boson are 
alled the s-
hannel andthe diagram of Fig.6.7(b) with the ex
hange of a photon or a Z-boson are 
alledthe t-
hannel. At low angle the Bhabha s
attering is dominated by the t-
hannelex
hange pro
ess.The di�erential 
ross-se
tion with one photon ex
hange (t-
hannel) for unpo-
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larised beams in the 
entre of mass energy is:d�d
(e+e� ! e+e�) = �24s 2(1� 
os �)2 [4 + (1 + 
os �)2℄ (6.11)with ps =p(p1 + p2)2 the total 
entre of mass energy and here s = 4E2, E theenergy of the in
oming 
olliding parti
les 2 � the ele
tron s
attering angle and �the QED 
oupling 
onstant.The 
al
ulation of the 
ross-se
tion would be in
omplete if we were to takeonly the tree-level diagram; the 
al
ulation of the 
ross-se
tion used below takesinto a

ount higher order diagrams.6.3.2 Total Cross-se
tion

(d)

Ζ/γ

(a)

f

f

+

−

(b)

Z/ γ

(c)

Z,W

Z,W

(e)

Z/ γ

Figure 6.8: Radiative 
orre
tions to the Bhabha pro
ess: (a) one-loop fermioni
 
or-re
tion, (b) one-loop vertex 
orre
tion and (
) one-loop box 
orre
tion whereas (d) and(e) are respe
tively ISR and FSR.In the 
al
ulation of the 
ross-se
tion used in Eq.6.4 one has to take intoa

ount the radiative 
orre
tions (Fig.6.8) and initial state radiation (ISR), inorder to minimise the theoreti
al error. Various study groups are implement-ing tools to provide su
h 
al
ulations to a given order. A Monte Carlo eventgenerator for Bhabha s
attering (Bhwide [5℄) has been used for this purpose .2E is assumed equal for both parti
les here102



It in
ludes multi-photon radiation in the framework of Yennie-Frauts
hi-Suura(YFS) exponentiation, a te
hnique for summing up all the infra-red singularities
aused by soft photon radiations a

ompanying any given pro
ess [7℄. Its matrixelement des
ribing the 
ross-se
tion in
ludes the 
omplete result at O(�) andleading logarithmi
 O(�nLn) 
orre
tions in the series as well as some non-leadingO(�nLn�1) 
orre
tions.Bhwide 1.04 was used to 
al
ulate the 
ross-se
tion at various energies in
lud-ing the e�e
t of the 
orre
tions for the �nal state parti
le angle between 23 and85 mrad, as shown in Fig.6.9. In order to interpolate the 
ross-se
tion for any par-ti
ularps value, a �t of the 
ross-se
tion as a fun
tion of the 
entre of mass energyis performed with the fun
tional form apsb where a is a normalisation parameterand b 
orresponds to how well the 
urve follows the proportionality to 1=s. Thetheory un
ertainties on the 
ross-se
tion are 0.11% approximately for ps rangingfrom 300 to 500 GeV. The parameter b is found to be 1:98500(�3:3 10�5). Inaddition to ISR whi
h degrades the e�e
tive 
entre of mass energy, the otherpro
esses des
ribed in se
. 6.2 
an o

ur and also results in a redu
tion of ps.The 
ross-se
tion �t fun
tion will be used to reweight the events to take a

ountof these additional pro
esses.6.4 Ba
kgroundsPossible ba
kgrounds that 
ould lead to similar energy deposits into the 
alorime-ter are now reviewed. These ba
kgrounds were not in
luded in the followingse
tion but their 
ontribution to the signal in the a

eptan
e of the luminositydete
tor is expe
ted to be small. A dedi
ated sele
tion 
ould be used to furthersuppress these ba
kgrounds, whi
h 
an be distinguished as 
oming from beam-strahlung or physi
s pro
esses.From the beamstrahlung: photons, ele
trons and positrons 
an be 
reated viaseveral pro
esses.� Real photons emanating dire
tly from the beamstrahlung have a very small103
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S (GeV)Figure 6.9: Di�erential Bhabha 
ross-se
tion as a fun
tion of the 
entre of mass energyfor angle between 23 and 85 mrad, the region relevant for the study, taking into a

ountele
troweak tree-level pro
esses, interferen
es and radiative 
orre
tions as 
omputedwith the Bhabha generator (Bhwide 1.04).angular distribution, below 4 mrad, and should not rea
h the dete
tor.� Positron-ele
tron pairs 
reated in the beam-beam intera
tions 
an produ
esigni�
ant ba
kground. These pairs are produ
ed via two di�erent types ofs
enario:- In
oherent pair 
reation where two 
olliding photons from beamstrahlungprodu
e real ele
tron-positron pairs. Three in
oherent pro
esses 
an bedistinguished depending on the virtuality of the photons. The �rst one isthe Breit-Wheeler pro
ess 

 ! e+e� where both photons are real, these
ond one is Bethe-Heitler pro
ess e
 ! ee+e� with one real and onevirtual photon, and �nally the Landau-Lifshitz pro
ess ee ! eee+e�. The
orresponding Feynman diagrams are displayed in Fig. 6.10- Coherent pair 
reation, where the photon 
onverts into an ele
tron-positron104
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Figure 6.10: The in
oherent pair produ
tion pro
esses leading to possible ba
kgroundto Bhabha events.pair. In a strong �eld, su
h as the one present within the LC dete
tor, thepair spirals. It has been shown that the e�e
t of the 
oherent pair 
reationis negligible [10℄ in the luminosity 
alorimeter.For the physi
s pro
esses mainly two are foreseen:� 
 
 pro
esses: Both the ele
tron and positron beams 
an radiate photonswith a low transverse momentum. The intera
tion of the two photons 
an
reate fermion pairs, as shown in the Feynman diagram 6.11, similar tothe Bhabha pro
ess if the fermions are an ele
tron and a positron. Asthe photons are emitted with a small angle with respe
t to the beam lineand with a probability proportional to the inverse of its energy [21℄, theele
trons and positrons are weakly deviated from their initial dire
tion.105



Thus the initial ele
trons and positrons es
ape into the beam line while thefermions deposit energy in the dete
tors.

Figure 6.11: Feynman diagram asso
iated with the 

 pro
ess.� WW pro
esses: WW pro
esses 
an lead to a similar signal as Bhabhapro
esses, where one W 
an de
ay into an ele
tron and an anti-neutrinoand the other W to a positron and an asso
iated neutrino. Although theenergy of the ele
tron and positron 
an range from 0 to 250 GeV, the 
ross-se
tion of the pro
ess is of the order a few tens of pb for j 
os �j < 0:8 [22℄mu
h smaller than the 7 nb for the Bhabha pro
esses in the angular regionfrom 23 to 85 mrad.6.5 Interfa
ing the Beamstrahlung and BhabhaGeneratorA

ording to the respe
tive fra
tion x+e , x�e of the nominal energy of ea
h lepton,as given by the Beamstrahlung generator (CIRCE), the 
entre of mass 
an be
al
ulated a

ording to pxe+xe� �ps0. A Von Neumann's a

eptan
e-reje
tionte
hnique [12℄ 
an then be applied by 
onsidering, a probability density fun
tion(pdf) of the di�erential Bhabha 
ross-se
tion distribution as shown in Fig. 6.9,and a uniformly distributed random number. The 
ross-se
tion of ea
h eventwith beamstrahlung is 
omputed a

ording to the pdf su
h that the minimum
entre of mass energy, obtained in
luding beamstrahlung only, 
orresponds to an106



event with weight 1, i.e. an event whi
h is a

epted, and all other events withhigher 
entre of mass are reweighted a

ording to the distribution as in Fig. 6.9.For ps0 = 500 GeV, the lower limit of the 
entre of mass energy at whi
h allevents are a

epted is 0:59�500 = 295 GeV for the 
onsidered statisti
s. WithinBhwide, the �nal state of the s
attered parti
les, ele
trons, positrons and photons,is s
aled with respe
t to pxe+xe� and then boosted by Lorentz transformation.Finally, ea
h 
reated event undergoes a simple gaussian smearing in a

ordan
ewith the addition in quadrature of the beam energy spread of the ele
tron andpositron as dis
ussed in Se
.6.2.1. Fig.6.12 shows the �nal energy distributionwith all the 
ontributions in
luded.
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Figure 6.12: True energy distribution of one of the leptons in
luding ISR and radiative
orre
tions from Bhwide, beamstrahlung and a beam energy spread of 0.18%. For
omparison the energy distribution with the Bhwide events only is displayed as well.
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6.6 Determination of Luminosity Spe
trum Pa-rametersA method was derived to estimate the beamstrahlung and relative energy spreadfrom the measurements of the energy distribution of the ele
tron3. In pra
ti
e thismeant re
overing the parameters that were used to generate the beamstrahlungin CIRCE.Assuming that the 
hanges in the luminosity spe
trum are linear for small
hanges of the beamstrahlung parameters around their initial values, the deriva-tives for a spe
i�
 parameter 
an be 
al
ulated a

ording to a latti
e of valuesusing the symmetrised form of the derivative 
al
ulation,�fak(j)�ak = fak+Æak(j)� fak�Æak(j)2Æak (6.12)where f(j) is number of events in the bin j, ak is the parameter whi
h is 
onsideredand Æak the shift applied to the parameter. Thus a latti
e of seven simulateddistributions is obtained, one with initial parameters and six with a0, a2 anda3 varied by Æak . A Æak of 10% was 
hosen for ea
h parameter and, beforetheir use, a smoothing of the distributions based on the CERN library quadrati
�t pa
kage HQUAD [15℄ was performed to redu
e statisti
al 
u
tuations in thederivative 
al
ulation.The simulated data were then �t by minimising the �2 fun
tion�2(a0; a2; a3) = NXj=1 0�N (j)data �N (j)est (a0; a2; a3)qN (j)data 1A2 (6.13)with N (j)est (a0; a2; a3) = N (j)MCini +Xi �(aestk � ainik )� �fak(j)�ak � (6.14)where N (j)MCini refers to the number of events in the bin j for the initial parametervalues, N (j)est(a0; a2; a3) are the estimated number of events for the same bin andN (j)data 
orrespond to the data spe
trum. This minimisation leads to the estimation3The energy of the positron 
ould also be measured either to improve the statisti
al powerof the present analysis, or to explore ele
tron/positron energy 
orrelations.108



�500 Luminosity Nb of events Nb of MC MC Run time[nb℄ [
m�2s�1℄ / se
 events luminosity at 500 GeV[nb℄�1 [hours℄7.44�0.01 3.4 1034 252.9 2 106 268.8 103 2.2Table 6.3: Cross-se
tion as 
omputed from Bhwide for a Monte-Carlo (MC) generationbetween the angles of 23 and 85 mrad. 2 106 events 
orrespond gives a MC luminosity(LMC) of roughly 0:27 fb�1.of the beamstrahlung parameters as de�ned in CIRCE. With the same method afourth parameter, the beam energy spread ÆEE , 
an be estimated. This method isnow applied to �ve samples, ea
h with 2�106 Bhabha events, 
orresponding to aintegrated Monte-Carlo luminosity LMC of 0:27 fb�1, as detailed in Tab. 6.3. The�ve samples are used to investigate possible bias when applying the parameterestimation on the true, measured and unfolded spe
tra. They di�er only by theseed of the random generator; the beamstrahlung parameters are the initial valuesas given in Tab. 6.2 and the relative beam energy spread ÆEE is �xed at 0.18%.Thus only statisti
al 
u
tuations di�erentiate these samples. In addition, thenumber of bins for ea
h spe
trum is �xed at 300, ranging from 0 to 270 GeV,giving an equidistant bin width of 0.9 GeV. A study of the e�e
ts of the bin widthon the result applied to the simulated measured data should be 
arried on. Thiswould allow to verify if the te
hnique is sensitive to the �tted parameter and nottoo dependent on random smearing over several bins of the energy 
olle
ted inthe dete
tor. This 
ould be performed with non-equidistant bin width, the sizeof the dete
tor resolution (e.g. 4 GeV at Ebeam=250 GeV).6.6.1 Results for the True Spe
trumThe parameter �t is performed for the true spe
trum between 200 GeV and254 GeV to take into a

ount events whi
h are smeared due to the beam energyspread and whi
h 
an therefore 
an gain energies higher than 250 GeV. Thelow limit is �xed at 200 GeV be
ause only the highest part of the spe
trum is109



signi�
antly a�e
ted by the variation of the beamstrahlung. The �t method givenby Equ.6.13 is applied to ea
h sample. N (j)data is here the number of events for thetrue spe
trum in the bin j. It will be referred as N (j)true in Se
. 6.7. A typi
alvalue for the redu
ed �2r is 0.95, de�ned by �2=ndof . Here, ndof is the numberof degrees of freedom and 
orresponds to the number of bins used for the �t(120 bins) minus the number of free parameters whi
h is four, thus ndof = 116.Being 
lose to unity, the redu
ed �2r indi
ates the �tting fun
tion is appropriate.For ea
h sample, the errors in the estimated parameters are �rst 
al
ulated fromthe values for whi
h the �2 in
reases by 1 (MINUIT [16℄) and are thus the onestandard deviation error.Furthermore the standard deviation ��k;std of the mean of the samples is per-formed with ��2k;std = 1Ns � 1 NsXl=1 (aestk;l � �aestk )2 (6.15)where Ns = 5 is the number of samples, k is the parameter number as given inTab. 6.4, aestk;l the estimated parameter for the sample l = [1; 5℄ and �aestk is themean of the estimated parameter for the �ve samples. The individual MINUIT�t errors were found to be within 1 standard deviation of ��k;std and thus only themean and ��k;std are given in Tab 6.4. In addition the mean pull �Pi is given forea
h parameter. It is de�ned as�Pk = 1Ns NsXl=1 Pk;l = 1Ns NsXl=1 aestk;l � ainik�k;l (6.16)where Pk;l is the pull 
al
ulated with the error �k;l on the �t for the 
onsideredparameter for ea
h sample and ainik is the initial value. Hen
e, the pull 
orrespondsto a gaussian 
entred on zero with a width 
onsistent with unity. The pull valuesobtained for the beamstrahlung and beam energy spread parameters are found tobe � O(1). Thus, applied to the true spe
trum, the �t method leads to a goodestimation of the parameters. Nonetheless, in the \real world", dire
t a

ess tothe true spe
trum is impossible. It is ne
essary instead to apply the method tothe measured spe
trum as dis
ussed in the following se
tion.
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Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.5133 0.0012 0.27 0.35a2 9.9716 10.000 0.033 0.51 0.28a3 -0.6285 -0.626 0.0015 -0.81 0.33ÆEE 1.8 10�3 1.801 10�3 9.96 10�7 0.44 0.16Table 6.4: Mean beamstrahlung parameters and mean relative beam energy spreadestimation using the �t method, with four free parameters, on true spe
tra at ps =500 GeV. Five independent samples with LMC=0:27 fb�1 were used to obtain the mean��k;std. The pull is de�ned in Eq. 6.16.6.6.2 Energy MeasurementsMeasurements of the energy of the �nal state - 
ontaining ele
trons, positronsand photons - is performed at low angles with the forward 
alorimeters. In thefollowing, only the LumiCal is used, although the study 
ould be extended toin
lude the dete
tors at upper angles.The geometri
al a

eptan
e of LumiCal is limited to between 26 and 82 mradas dis
ussed in Se
. 3.2.3.3. The events from Bhwide are generated between 23and 85 mrad in order to en
ompass most of the events, whi
h are then boostedwithin the dete
tor region, be
ause a parti
le with angular momentum originallyat 23 mrad 
an, with the boost, rea
h the dete
tor at 26 mrad. As shown inFig. 6.13, the �nal angle of the lepton 
an be, with the boost, larger than thespe
i�ed angle in Bhwide. Computation with the Bhabha generator Bhwide gavea 
ross-se
tion of 186777 pb for events originally generated between 15 and 85mrad and 140.16 pb for events between 85 and 100 mrad. Respe
tively 1:05% and0:125% of the events are 
ounted inside the dete
tor range. Applying an angle
ut at the generator level of 23< � <85 mrad leads to approximately 1:3% of thetotal number of events being missed but this redu
ed greatly the time spent onthe generation of ea
h distribution.
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Figure 6.13: Angular distribution of the ele
tron before and after the boost when thenominal generator angular 
ut is �xed between 23 and 85 mrad. A 
lose-up view of thedistribution using a log-s
ale for the angular region below 26 mrad is also displayed.6.6.3 E�e
t of the Luminosity Dete
tor Resolution andRe
onstru
tionA luminosity 
alorimeter, su
h as the one des
ribed in Chap. 3, will smear theenergy deposit as displayed in Fig. 6.14. The response matrix of the dete
torfor the 
onsidered observable, i.e. the true ele
tron energy, versus the measuredenergy is given is Fig. 6.15 for a luminosity 
alorimeter type dete
tor with en-ergy resolution 25%=pE. Photons and ele
trons are not di�erentiated by the
alorimeter be
ause no 
harge tra
ker is available in the forward 
alorimetry;both have to be taken into a

ount. Due to the �nite resolution of the LumiCal,photons and ele
trons very 
lose together 
an appear as being only one parti
le.To a

ount for this e�e
t a simple 
luster �nding 
ode was written. The high-est energeti
 parti
le whi
h 
ontributes to a 
luster de�nes a 
entral axis aroundwhi
h any parti
le within a distan
e of one Moli�ere radius is merged. As seen in
hapter 3, the luminosity 
alorimeter is foreseen to be made of sili
on tungstenthus the distan
e is set to 9 mm, i.e. one Moli�ere radius. It was 
he
ked that amodi�
ation of the minimum distan
e for the 
luster by 1 mm does not 
hangethe result by more than a few events out of 500 000 events (0.01%). The spe
tra112
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alorimeterwith energy resolution 25%=pE.

1

10

10 2

10 3

10 4

10 5

10 6

Measured Energy (GeV)

T
ru

e 
E

n
er

g
y 

(G
eV

)

0

50

100

150

200

250

0 50 100 150 200 250Figure 6.15: Response matrix for a LumiCal type 
alorimeter with energy resolution25%=pE performed with 48 106 events.of Fig. 6.16 show the result of the 
lustering as well as the ele
tron and photonenergy distribution. The result of the event sele
tion is shown in Fig. 6.17.6.6.4 Results for Measured DistributionIn the following the measured spe
trum is de�ned as the distribution after boththe dete
tor smearing and the 
lustering algorithm have been applied. To a
-113



Calorimeter 1 - Energy (GeV)

N
u

m
b

er
 o

f 
E

ve
n

ts
 / 

B
in

1

10

10 2

10 3

10 4

10 5

0 50 100 150 200 250

clusters

electrons

photons

Figure 6.16: Simulated ele
tron and photon energy distribution before and after the
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Figure 6.17: The spe
trum in one 
alorimeter after in
luding the dete
tor angulara

eptan
e and simple 
lustering algorithm.
ept the event at least one 
luster has to be measured in both forward and reardete
tors. A similar method to the one presented above is used to estimate the
onsidered parameters on the measured distribution. N (j)data is here the numberof events for the measured spe
trum in the bin j. It will be referred as N (j)measin Se
. 6.7. The typi
al redu
ed �2r, as 
al
ulated in Se
. 6.6.1, is approximately1.02 on ea
h sample. For several parameters the pull is higher than unity andbigger than the pull obtained for the estimations on the true spe
trum. A di�er-114



Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.5092 0.0015 0.86 0.30a2 9.9716 9.967 0.048 -0.05 0.52a3 -0.6285 -0.631 0.0018 0.52 0.38ÆEE 1.8 10�3 1.84 10�3 2.7 10�5 1.84 1.18Table 6.5: Beamstrahlung parameters and relative beam energy spread estimationusing a �t method with four free parameters on measured spe
tra at ps = 500 GeVand LMC=0:27 fb�1 as given in Tab. 6.3.ent method has to be investigated. In the following se
tion an advan
ed methodbased on unfolding is used to estimate the beamstrahlung and beam energy spreadparameters.6.7 Unfolding Te
hnique6.7.1 General StrategyIn order to estimate the true luminosity distribution, an unfolding te
hnique isused based on the Tikhonov method whi
h employs a regularisation fun
tion.This te
hnique is presented brie
y here and in more detail in [20℄,[18℄ and [19℄.Assume that the expe
tation values of the measured number of entries �i =E[N (i)meas℄ in the bin i 
an be des
ribed with the relation�i = nxXj=1 Rij�j (6.17)where Rij is the response matrix of a dete
tor as given in Fig. 6.15, � = E[N (j)true℄is the expe
tation values in bin j of the true distribution of a signal and nx isthe number of bins. Inverting Eq. 6.17 as ~� = R�1~� in ve
tor notation, to getthe unknown true distribution does not always work be
ause ~� is not a

essibleand only the data N (i)meas are measured whi
h 
ontain statisti
al 
u
tuations. This115



inversion leads to an estimation of the original distribution, ~̂�, with large varian
eand os
illations.The general strategy used to avoid these os
illations is to introdu
e a parame-ter whi
h smooths the ~̂� distribution. ~̂� is 
hara
terised by the least-square fun
-tion L(~̂�) while the smoothness of the distribution 
an be represented by S(~̂�),
alled the regularisation fun
tion. In the Tikhonov method that is presently used,S(~̂�) is a derivative of the unknown true distribution to the se
ond order.Thus, a 
ombination of the least-square fun
tion and the regularisation fun
-tion with a weight � smooths the distribution and hen
e leads to a less os
illatingsolution. The 
ombination 
an be written as�(~̂�) = L(~̂�) + �S(~̂�) (6.18)where � is the regularisation parameter. In pra
ti
e, if � is small, the solutionis highly os
illating and if � is large the solution for the estimated unfoldeddistribution is smooth.6.7.2 Unfolding in More DetailThe unfolding program (GURU [19℄) used here is based on the Tikhonov methodwith a regularisation fun
tion. In the following, the expe
tation value of theunknown ve
tor ~̂� is 
alled N (j)unk and refers to the expe
tation value of the numberof entries in the bin j. Instead of using Eq. 6.18, whi
h is applied dire
tly tothe spe
tra, a transformation of this equation is performed within the unfoldingprogram su
h that it in
ludes a weight w(j)unk de�ned asw(j)unk = N (j)unkN (j)ref (6.19)where N (j)ref is a referen
e Monte Carlo distribution and N (j)unk is the unknownspe
trum that has been unfolded. w(j)unk is a measure of the deviation of N (j)unkfrom an initial Monte Carlo input ve
tor N (j)ref . Thus Eq. 6.18 be
omesnxXj=1 ~Rijw(j)unk = ~N (j)meas (6.20)116



where ~R and ~Nmeas are respe
tively the res
aled matrix and measured data asgiven by GURU. Introdu
ing a weight has the advantage that if the MC spe
trumN (j)ref is 
lose to the unknown spe
trum N (j)unk then the unknown weight w(j)unk willbe smooth and have a small bin-to-bin variations. The a

ura
y of the unfoldingis thereby in
reased as fewer unknowns are required to de
ompose the orthog-onal fun
tions of the singular value de
omposition (SVD) approa
h used in theunfolding 
ode.A solution to Eq. 6.20 with low os
illation 
an be obtained by adding a regu-larisation term. The expression 
an thus be written as the addition of a generalform of the least-square fun
tion and the regularisation fun
tion�(~w; �) = ( ~R~w � ~Nmeas)T ( ~R~w � ~Nmeas) + �(C ~w)TC ~w (6.21)where ~R is the response matrix of the dete
tor, ~Nmeas the measured data, w theunknown initial ve
tor (same as w(j)unk) and C is a matrix whi
h de�nes the apriori 
ondition on the solution. Here, C is a \se
ond derivative matrix". Itin
ludes a small term � = 10�4 added to the diagonal elements of the matrix su
hthat its inversion4 within the SVD approa
h is possible and does not modify the
ondition of minimum 
urvature implied by the derivative.6.7.3 Finding a Suitable Smoothing ParameterThe solution w, the unknown ve
tor, of Eq. 6.21 is dependent on the 
hoi
e of� and a 
areful study has to be performed whi
h is des
ribed in the followingse
tion. Here, N (j)unk, the expe
tation value of the number of events in bin j, isused instead of w as it is a dire
t representation of the energy spe
trum.The strategy that is employed here is to �x the smoothing parameter for ea
hof the 5 samples of measured spe
tra on whi
h the unfolding is applied. To �ndthe best � to re
onstru
t the data attention is �rst 
on
entrated on one of the4The SVD-GURU approa
h uses the inversion ~RC�1 to solve Eq. 6.21.
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sample and a minimisation of the �2u is performed�2u = Xj=1;nx0�N (j)true �N (j)unkqN (j)true 1A2 (6.22)where N (j)true is the number of events in bin j for the true spe
trum, N (j)unk is theexpe
tation value of the number of events in bin j for the unfolded spe
trum.The �2u as a fun
tion of � is displayed in Fig. 6.18 with � values ranging from 105to 108. The shape of the 
urve of �2u, 
an be explained by the fa
t that at high �the unfolding spe
trum is very 
at and the unfolded spe
trum is far from the truedistribution thus in
reasing �2u while at low � the unfolding spe
trum 
ontainsos
illations. The minimisation of �2u applied to one referen
e sample leads to
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Figure 6.18: �2u versus the smoothing parameter � . A minimum value of �2u = 340: isobtained for � = 1:3 107.the 
hoi
e of the smoothing parameter to be � = 1:3 107. The 
orrespondingunfolded ele
tron energy spe
trum is given in Fig. 6.19 for the highest part ofthe spe
trum. The energy spe
trum from unfolding mat
hes the true spe
trumwithin the statisti
al 
u
tuations. These 
u
tuations do not appear anymore inthe unfolded spe
trum as the method naturally smooths the entire spe
trum.Instead of using the �2u based on pNtrue one 
an think of using the 
ovarian
ematrix X�1 as 
al
ulated by error propagation in GURU withX�1jk = 1N (j)refN (i)ref Xi ~Rij ~Rik (6.23)118



10 2

10 3

10 4

10 5

160 180 200 220 240 260

Unfolded

True

Energy (GeV)

N
b

 o
f 

ev
en

ts
 / 

b
in

 (
a.

u
.)

Figure 6.19: True and unfolded ele
tron energy spe
trum. The 
lose-up view showsthe 
u
tuations of the true spe
trum and smoothness of the unfolded one.thus the 
hoi
e of � depends on the minimization of�2u = Xj=1;nx N (j)true �N (j)unk�(j)unk !2 (6.24)where �(j)unk is the error on the unfolded result for ea
h bin and is equal to thediagonal element of the 
ovarian
e matrix. This method gives, for the samesample as above, a suitable � = 0:334 � 107; mu
h smaller than the previousvalue.To help de
ide whi
h � to 
hoose, a study of the results of the �tting withrespe
t to the smoothing parameter is now performed. The unfolding te
hniqueis applied to a set of �ve samples of the \measured" spe
trum. Fig.6.20 showsea
h of the estimated parameters ak and ÆBS as a fun
tion of � . The dots of theplots 
orrespond to the �t results for ea
h sample with errors given by MINUIT.The 
ontour lines show the standard deviation on the mean over the samples as
al
ulated in Se
. 6.6.1. For the range of � parameters used, from 2:6 � 106 to1:4 � 108, the �t parameters are all 
onsistent with the initial ones. In addition119



the standard deviation on the mean de
reases as � in
reases. However the �tparameters 
al
ulated from ea
h sample di�er by more than a standard deviationwhen � is small (around 3� 106) and the dis
repan
es diminish as � is in
reased.It indi
ates that the unfolding is stable over a wide range of � . It shows as wellthat the errors are getting smaller as the smoothing parameter in
reases. For the
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trumas a fun
tion of the smoothing parameter � . Dots 
orrespond to the estimated valuefor ea
h sample. The solid lines are the standard deviation boundary of the means andthe dashed lines are the initial parametersfollowing unfolding study � = 6 � 107 is 
hosen as this value leads to estimatedparameters whi
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Par. initial estimated mean estimated mean error pull pull widthk ainik �aestk ��k;std �Pk � �Pka0 0.51288 0.51152 0.00252 -0.83 0.64a2 9.9716 10.0064 0.0508 0.61 0.58a3 -0.6285 -0.62823 0.00288 0.11 0.61ÆEE 1.8 10�3 1.7994 10�3 9:14 10�7 -0.27 0.41Table 6.6: Mean beamstrahlung parameters and mean relative energy beam spreadestimation using the �t method on unfolded spe
tra.6.7.4 Parameters Estimation for UnfoldingThe averages and standard deviations resulting from the �t of the �ve samplesare given in Tab. 6.6 with the 
hosen � . The pull is . O(1) for ea
h estimatedparameter. Thus the method, in
luding the unfolding and parameter estimationas explained earlier, gives 
onsistent results.6.8 SummaryThe parameter estimation is summarised in Fig. 6.21. Ea
h graph 
orresponds toa de�ned parameter respe
tively a0, a2, a3 and the relative beam energy spread.The estimates for ea
h sample are given, as well as the averages and standarddeviations resulting from these samples as given in the previous se
tions for thetrue, \measured" and unfolded spe
tra. As dis
ussed earlier, the initial param-eters are found to be within the errors of the estimated parameters for the truespe
trum. This was not the 
ase for the \measured" spe
trum. To over
omethis problem, unfolding was applied and the estimated values and errors are now
onsistent with the true ones.
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tively for a0, a2, a3 and relative beam energy spread.Five independent samples are shown together with the average and standard deviationresulting from these samples.6.9 Con
lusionIn this 
hapter, the luminosity measurement using a large 
ross-se
tion physi
spro
ess was presented. A method to estimate beamstrahlung parameters wasdevised and implemented. It was shown that this method 
an be used to deter-122



Par. True Meas. Unfa0 0.24% 0.3% 0.49%a2 0.34% 0.48% 0.51%a3 0.29% 0.24% 0.46%ÆEE 0.055% 1.5% 0.051%Table 6.7: Relative errors on the luminosity and energy beam spread parameters usingthe determination method applied to the true, measured and unfolded spe
trum, ea
hwith 300 bins, and LMC = 0:27fb�1.mined the true parameters. The same strategy was applied to the \measured"spe
trum, performed with a typi
al luminosity 
alorimeter. In order to improvethe results, an unfolding te
hnique employing a regularisation fun
tion and ap-plied to the measured spe
trum was 
arried out. Applying this new method tothe unfolded spe
trum, an estimate of the beamstrahlung and gaussian relativebeam energy spread parameters was a
hieved. The relative error of the beamenergy spread from the unfolded spe
trum is 
onsistent with the one obtained forthe true spe
trum.The results presented in this 
hapter reveal that this method 
ould be used todetermine the luminosity spe
trum on an hourly basis to a pre
ision of less thana per
ent.
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